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ABSTRACT
Electrophoretic Characterization of Carbon Nanotubes: Elucidation of Surface
Functionalization and Interaction
Tyler A. Davis
Carboxylation of multiwall carbon nanotubes is used to enhance physical
properties by improving dispersion, increasing compatibility and providing an interface
for surface interaction. Accurate characterization of the multiwall carbon nanotubes
surface is important as multiple applications depend on controlled functionalization.
This dissertation is based on research that led to the adaption, validation and
application of a capillary electrophoresis method for characterization of surface
modification and interaction of carboxylated multiwall carbon nanotubes. The affinity
based method uses electrostatic interaction of a selective peptide probe (WRWWWW)
with multiwall carbon nanotubes to determine the degree of carboxylation. A 20% RSD
in method reproducibility and repeatability was determined using within and cross day
sample analysis. Method validation performed with two commercially available multiwall
carbon nanotubes samples showed a significant difference in carboxylation, which was
confirmed with X-ray photoelectron microscopy. In addition, the method was applied to
assess the degree of carboxylation of acidified pristine multiwalled carbon nanotubes. A
significant decrease in apparent dissociation constant was determined with increased
acid treatment time, while no significant difference was determined using zeta potential
analysis. Furthermore, capillary electrophoresis was also applied to isolate key factors
that govern the interaction between multiwall carbon nanotubes and amino acids,
arginine and tryptophan. For this analysis, the peptide probe was substituted with
peptides containing either single or multiple amino acid substitutions or deletions. The
study showed a two-fold increase in an electrostatic interaction of arginine in
comparison to lysine and increased hydrophobic interaction with tryptophan chain
length, revealing that both arginine and tryptophan drive peptide-carbon nanotube
interactions. This method, for the first-time, allows for quantification of the individual
contributions of amino acids and characterization of bulk multiwall carbon nanotubes
samples with capillary electrophoresis. This research is significant to the study and
development of nanotube-biomolecule applications and provides a cost-effective, rapid
and simple alternative to current methods.

DEDICATION:

This document is dedicated to my parents, Marsha and Danny Davis, who told their little girl that
“I can do all things through Christ who strengthens me”.

Thank you for everything.

I love you!

iii

ACKNOWLEDGEMENTS:
I would like to acknowledge my advisor, Dr. Lisa Holland for being a teacher both in and out of
the laboratory. I appreciate all the guidance, assistance, time, and support you have put forth to
make me the scientist and professional I am today. Thank you for pushing me and believing that
I could always be and do more!

I would like to acknowledge and thank my committee members, Drs. Lisa A. Holland, Jonathan
Boyd, Jeremy Dawson, Harry O. Finklea and Stephen Valentine for their support as mentors
and instructors.

Thank you to my invaluable co-advisor Dr. Linda Sargent for her guidance and support
throughout my graduate experience.

A special thank you to Drs. Constinia Charbonnette and Kimberly Quedado for their pep-talks,
advice, caring and support!

I would also like to thank the National Science Foundation’s Interdisciplinary Graduate
Education Research Traineeship and NanoSAFE programs for funding, as well as, leadership
and business training.

I would like to acknowledge my lab mates (past and present): Dr. Stephanie Archer-Hartmann,
Dr. Ted Langan, Dr. Xingwei Wu, Dr. Brandon Durney, Vincent Nyakubaya, Srikanth Gattu,
Cassandra Crihfield, Marriah Ellington, Lloyd Bwanali, and Dr. Grace Lu. Thank you for the
laughter and support during the highs and lows, and keeping me sane during those multiple allnighters. Couldn’t have done it without you guys. I pray for joy and prosperity for each one of
you in the future!
iv

Electrophoretic Characterization of Carbon Nanotubes: Elucidation of Surface Functionalization
and Interaction.

TABLE OF CONTENT:
List of Figures

ix

List of Tables

xi

List of Symbols and Abbreviations

xiii

CHAPTER 1:
Characterization of Oxidized Carbon Nanotubes: Surface Functionalization
and Interaction

1

1.0. Introduction

2

1.1. Background

3

1.2. Characterization of Carbon Nanotube Functionalization

7

1.2.1. Infrared Spectroscopy

8

1.2.2. Raman Spectroscopy

10

1.2.3. X-ray Photoelectron Spectroscopy

12

1.2.4. Thermogravimetric Analysis

14

1.3. Other Characterization Techniques

16

1.3.1. Titration (Boehm pH method)

16

1.3.2. Zeta Potential

18

1.3.3. Electron Microscopy

20

1.4. Quantification of Carbon Nanotube Interaction

22

1.4.1. Fluorescence

23

1.4.2. UV-vis Spectrometry

25

1.4.3. Atomic Force Microscopy

27

1.4.4. Dynamic Light Scattering

30

1.5. Emerging Technology - Capillary Electrophoresis

32
v

1.6. Bibliography

35

CHAPTER 2:
Capillary Electrophoresis Analysis of Affinity to Assess Carboxylation of
Multi-Walled Carbon Nanotubes

43

2.0. Introduction

44

2.1. Materials and Methods

46

2.1.1. Chemicals and Reagents

47

2.1.2. Capillary Electrophoresis

47

2.1.3. Sample Preparation

48

2.1.4. Acid Treatment

49

2.1.5. Dynamic Light Scattering

49

2.1.6. Zeta Potential Measurements

50

2.1.7. X-ray Photoelectron Spectroscopy

51

2.1.8. Safety Considerations

51

2.2. Results and Discussion

52

2.2.1. Interaction of WRWWWW with Multi-walled Carbon Nanotubes

52

2.2.2. Affinity Capillary Electrophoresis of Multi-walled Carbon Nanotubes

56

2.2.3. Translating Electrophoretic Mobility into Affinity

57

2.2.4. Calculating the KD from Shifts in Electrophoretic Migration Time

59

2.2.5. Criteria for KD Determinations

61

2.2.6. Repeatability of Migration Shift Assays of the Same Carbon
Nanotube Suspension

63

2.2.7. Effect of Separation Conditions on KD

66

2.2.8. Reproducibility of KD Determination of the Same
Carbon Nanotube Powder Stock

67

2.2.9. Application of Affinity Capillary Electrophoresis to Carbon
Nanotubes from Different Sources

70
vi

2.2.10. Application of Affinity Binding to a Set of Functionalized
Carbon Nanotubes

74

2.3. Conclusions and Future Directions

76

2.4. Bibliography

78

CHAPTER 3:
Peptide Probe for Multi-walled Carbon Nanotubes: Electrophoretic Assessment
of the Binding Interface and Evaluation of Surface Functionalization

83

3.0. Introduction

84

3.1. Material and Methods

90

3.1.1. Chemicals and Reagents

90

3.1.2. Capillary Electrophoresis

90

3.2. Results and Discussion

91

3.2.1. Role of Amino Acid Composition in Physical Adsorption to
Carboxylated Carbon Nanotubes

91

3.2.2. Effect of Arginine on Binding Interaction

94

3.2.3 Effect of Aromaticity on Peptide-Carboxylated Carbon Nanotube
Binding

95

3.2.4. Tryptophan Composition Contributes to WRWWWW Binding

96

3.2.5. Evaluation of Weak π-π Binding with Capillary Electrophoresis

98

3.2.6. Evaluation of Peptide Fragments from Protein

100

3.3. Conclusions and Future Directions

104

3.4. Bibliography

106

CHAPTER 4:
Future Direction

110

4.0. Introduction

111

4.1. Characterization of single stranded DNA-Carbon Nanotube Interactions

111
vii

4.2. Other Areas of Interest

112

4.2.1. Characterization of Other Surface Modifications and
Nanomaterials

112

4.2.2. Other Affinity Based Capillary Electrophoresis Methods

113

4.3. Bibliography

114

APPENDIX A:
Equations

116

A.1.0. Equations

117

A.1.1. Derivation for the Hill Equation from Chemical Equation

117

A.1.2. Derive Binding Fraction for Affinity Capillary Electrophoresis

118

A.1.3. Calculating KD from the Increase in Migration Time (i.e. Shift)

120

A.1.4. Capacity Factor

123

A.1.5. Bibliography

125

APPENDIX B:
Supporting Figures and Tables

126

B.1.0. Supporting Figures and Tables

127

B.1.1. Bibliography

134

CURRICULUM VITAE:

135

viii

LIST OF FIGURES:

CHAPTER 1:
Figure 1-1: Schematic of Carbon Nanotubes

4

Figure 1-2: Schematic of Oxidized Carbon Nanotube

5

Figure 1-3: Schematic of Fourier Transform Infrared Spectroscopy

9

Figure 1-4: Schematic of Raman Spectroscopy Instrumentation

11

Figure 1-5: Schematic of X-ray Photoelectron Spectroscopy Instrumentation

13

Figure 1-6: Schematic of Thermogravimetric Analysis Instrumentation

15

Figure 1-7: Schematic of Boehm Titration Methodology

17

Figure 1-8: Schematic of Zeta Potential Instrumentation

19

Figure 1-9: Schematic of Electron Microscopy Instrumentation

21

Figure 1-10: Schematic of Fluorescence Instrumentation

24

Figure 1-11: Schematic of UV-vis Spectrometry Instrumentation

26

Figure 1-12: Schematic of Atomic Force Microscopy Instrumentation

29

Figure 1-13: Schematic of Dynamic Light Scattering Instrumentation

31

Figure 1-14: Schematic of Capillary Electrophoresis Instrumentation

33

CHAPTER 2:
Figure 2-1: Schematic of Affinity Capillary Electrophoresis for Carbon Nanotubes

53

Figure 2-2: Dynamic Light Scattering Measurements of the Carbon
Nanotube-Peptide Complex Size Distribution Plot

55

Figure 2-3: Electropherograms of Peptide and Precarboxylated
Multi-walled Carbon Nanotubes

59

Figure 2-4: Binding curve for WRWWWW and NanoLab Precarboxylated
Multi-walled Carbon Nanotubes

61

Figure 2-5: Electropherograms and Resulting GraphPad Fitted for Within
Single Sample Preparation Analysis

65

Figure 2-6: Dissociation Constant Curves for Three Powder Stock

70
ix

Figure 2-7: Deconvoluted Peak Fitting for Carbon Region for NanoLab
Precarboxylated Carbon Nanotubes in X-ray Photoelectron Spectroscopy

72

Figure 2-8: Deconvoluted Peak Fitting for Carbon Region for US-Nano
Precarboxylated Carbon Nanotubes in X-ray Photoelectron Spectroscopy

73

CHAPTER 3:
Figure 3-1: Conceptual Diagram of Tryptophan and Arginine Interaction
with Carboxylated Carbon Nanotubes

86

Figure 3-2: Schematic of Affinity Capillary Electrophoresis

89

Figure 3-3: Electropherograms and Resulting GraphPad Fitted for WRWWWW
Peptide and NanoLab Precarboxylated Carbon Nanotubes

93

Figure 3-4: Electrophoregrams of WW and WR peptide interaction with
NanoLab Precarboxylated Carbon Nanotubes

97

Figure 3-5: Electropherograms WMCLAKW peptide and NanoLab
Precarboxylated Carbon Nanotubes

103

APPENDIX B:
Figure B-1: Plot of Increase in Peptide-Carbon Nanotube Complex Size with Time

127

Figure B-2: Sedimentation of Peptide-Carbon Nanotube Complex

128

Figure B-3: Control Runs Demonstrating Complex Formation Due to Interaction

129

Figure B-4: Deconvoluted Peak Fitting for Carbon Region for Acid Treated
Carbon Nanotubes in X-ray Photoelectron Spectroscopy

133

x

LIST OF TABLES:
CHAPTER 1:
Table 1-1: Analytical Techniques Used to Characterization Surface
Oxidation of Carbon Nanotubes

7

Table 1-2: Analytical Techniques Used to Characterization Surface
Interaction of Carbon Nanotubes

23

CHAPTER 2:
Table 2-1: Dynamic Light Scattering Measurements of the Carbon
Nanotube-Peptide Complex

56

Table 2-2: Effect of Peptide Concentration on Dissociation Constant

62

Table 2-3: Effect of Temperature and Buffer Composition on Dissociation Constant

67

Table 2-4: Dissociation Constant values for Three Powder Stock

69

Table 2-5: Characterization of Precarboxylated Carbon Nanotubes

71

Table 2-6: Characterization of Oxidized Carbon Nanotube Library

76

CHAPTER 3:
Table 3-1: KD’ Values of Peptides

95

Table 3-2: Solubility Measurement of WR(W)n peptide series

98

Table 3-3: Capacity Factor Values

100

Table 3-4: Reduction of Polytryptophan Peak Area from Carbon Nanotube
Interaction

100

Table 3-5: Peptide Regions Selected from Lysozyme Protein Primary Structure

101

APPENDIX A:
Table A-1: Sample Calculation of Fractional Binding of each point in a single curve

123

Appendix B:
Table B-1: Effects of Acid Treatment Temperature on Dissociation Constant

129

Table B-2: Dissociation Constant Obtained within a Single Preparation of
xi

Carbon Nanotubes (n = 3 curves)
Table B-3: Dissociation Constant and n values

131
132

xii

LIST OF SYMBOLS /NOMENCLATURE:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.

CNT – carbon nanotube
SWCNT – single walled carbon nanotube
MWCNT – multiwalled carbon nanotube
CE – capillary electrophoresis
FTIR/IR – Fourier Tranform Infrared spectroscopy/ Infrared spectroscopy
RS – Raman spectroscopy
XPS – X-ray photoelectron spectroscopy
TGA – thermogravimetric analysis
EM – electron microscopy
SEM – scanning energy microscopy
TEM – transmission energy microscopy
KE – kinetic energy
BE – binding energy
eV – binding energy
hν - energy
w – work function
NaHCO3 - Sodium Bicarbonate
Na2CO3 - Sodium Carbonate or
NaOH - Sodium Hydroxide
HCl – hydrochloric acid
UV-vis – ultra-violet- visible absorbance
AFM – atomic force microscopy
DLS – dynamic light scattering
I – intensity
Ksv - Stern Volmer Constant
kq - quenching rate coefficient
τ0 - fluorescence lifetime
qe - adsorption capacity at equilibrium
Ce - concentration of substrate at equilibrium
KL - affinity parameter
KF - sorption coefficient
EOF – electroosmotic flow
KD – dissociation constant
n – cooperativity coefficient
MOPS - 3-N-morpholinopropane-1-sulfonic acid
M.O. – mesityl oxide
π-π – pi-pi interaction or stacking
C-C/C-H – single carbon bond
C=O – double carbon bond
O-C-O - carbonyl
COOH – carboxylic acid
WRWWWWW – tryptophylarginyltryptophyltryptophyltryptophyltryptophan
o.d. – outer diameter
i.d.- inner diameter
µ - electrophoretic mobility
µfree - electrophoretic mobility of unbound peptide
µmid – electrophoretic mobility of bound peptide
µmax - electrophoretic mobility of complexed peptide
xiii

49.
50.
51.
52.
53.
54.
55.
56.

cm2/V-s – centimeter squared per volt second
ϴ - fraction bound
mV – millivolts
kV - killivolts
E/cm – volts per centimeter
µA – milliampere
kJ/mol – killijoule per mole
k’ – capacity factor

xiv

CHAPTER 1:
Characterization of Oxidized Carbon Nanotubes: Surface Functionalization and Interaction

1

1.0. INTRODUCTION

Surface oxidation of carbon nanotubes is critical for integration into biomedical and industrial
applications. Multiple applications require the addition of oxygen containing functional groups,
such as carboxylic acids, on the carbon nanotube surface to provide increased solubility or to
provide a method of secondary functionalization via covalent and noncovalent interactions. As
nano-based applications and research continues into grow in a billion-dollar industry, careful
and accurate characterization of the post modified carbon nanotubes surface and surface
interactions is critical to future development. This goal results in a strong need for analytical
methods that can provide researchers with information about surface functionalization as well as
fundamental understanding of surface interactions.

This dissertation summarizes the methodology and optimization of a capillary electrophoresis
based method to characterize carboxylated multiwalled carbon nanotubes. The publications
reproduced in this dissertation are listed below:

Chapter 2:
T.A. Davis, S. Patberg, A. Stefaniak, L. Sargent, L.A. Holland, Capillary Electrophoresis
Analysis of Affinity to Assess Carboxylation of Multi-Walled, Anal. Chim. Acta (2018)
accepted

Chapter 3:
T.A. Davis, L.A. Holland, Peptide probe for multiwalled carbon nanotubes:
electrophoretic assessment of the binding interface and evaluation of surface
functionalization., ACS Appl Mater Interfaces, 10 (2018) 11311–11318.
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Chapter 1 focuses on a review of current analytical techniques used to characterize surface
oxidation on carbon nanotubes as well as techniques used to quantify interactions. The aim of
this review chapter is to provide readers with information about the instrumentation, applications
and limitations of commonly used analytical techniques. Chapter 2 describes the development
and application of affinity capillary electrophoresis for the differentiation of the degree of
carboxylation on multiwalled carbon nanotubes utilizing a peptide binding probe. Chapter 3
expands upon the use of affinity capillary electrophoresis and applies it to characterize the
interaction of multiple peptides with carbon nanotubes to isolate individual amino acid binding
contribution. Future applications of affinity capillary electrophoresis are briefly discussed in the
Chapter 4.

1.1. BACKGROUND

Since Iimija’s 1991 publication, carbon nanotubes have rapidly grown in popularity and
production due to unique physical properties which can be harnessed in multitube of different
applications [1]. These graphene tubes form a single, double, or multiwalled structure as
shown in Figure 1 that is light weight while still possessing high tensile strength. Based on the
chirality, certain species of carbon nanotubes contain excellent electrical or thermal conductive
properties [2,3]. These unique properties are used in applications ranging from reduction of
overpotential and improved sensitivity in electrochemical biosensors to providing structural
reinforcements in composites without significantly increasing mass [3–6]. Despite the potential
usefulness, issues surrounding carbon nanotube solubility and toxicity prevent further
integration into more applications. Unmodified carbon nanotubes are extremely hydrophobic
causing entanglement and self-aggregation [7,8] and the light weight structure allows for easy
aerosolization and inhalation with potential asbestos-like toxic outcomes [9–12]. To increase
solubility and biocompatibility, carbon nanotubes are functionalized via covalent methods that
3

add small molecules on the carbon nanotube surface or through noncovalent interactions with
surfactants, proteins, and DNA [13–15]. The surface functionalization reduces hydrophobic
entanglement and improves solubility allowing better integration. Accurate characterization of
the carbon nanotube surface becomes increasingly important as development nano-based
applications depends on the degree of functionalization.

Figure 1-1: Schematic of Carbon Nanotubes

Graphene Sheet

Single Walled

Multi-Walled

Figure 1-1: Graphene sheets are rolled into tubes consisting of single and multiple walled
structures. Carbon nanotubes range in length from 0.2 – 5 µm and range in diameter from 0.4 –
2 nm for single walled carbon nanotubes and 2 – 100 nm for multiwalled carbon nanotubes. [16]

4

Figure 1-2: Schematic of Carbon Nanotubes Oxidation

Figure 1-2: Various oxidants are used to add oxygen-containing (carbonyl, carboxylic acid,
hydroxides) functional groups on the surface on carbon nanotubes at nanodefect side.

The most prevalent form of carbon nanotube functionalization is through covalent modification
with surface oxidation. Traditionally, oxidization forms as a byproduct of carbon nanotube metal
purification [15]. During chemical vapor deposition production, metal catalysts are imbedded in
the carbon nanotube side walls. To remove metal impurities acidification is performed. This
metal purification process results in the addition of oxygen containing functional groups like
carboxyl, hydroxyl, or carbonyl at nanodefect sites along the side walls or open-end caps on the
carbon nanotubes (see Figure 2). Throughout the years several oxidation methodologies have
been reported. The most common utilize sonication, thermal reflux, microwave and plasma
oxidation [17–20] with various chemical oxidants, like sulfuric acid, nitric acid and hydrogen
peroxide. Variations in the degree of oxidation have been reported with changes in method,
time, temperature, or oxidant [19–24]. Research has indicated that increasing the oxidation
time or temperature results in increased concentration of oxygen containing functional groups
yet reduces the length of the carbon nanotubes [25–27]. Variations in the chemical oxidant

5

selected aids in controlling the type and/or concentration of oxygen containing function groups
added to the carbon nanotube surface [24]. Additionally, the concentration of the acid used
during oxidation is also used to control the percent oxidation. Research by Smith et. al.
demonstrated a linear trend between the concentration of the nitric acid oxidant and
carboxylation on multiwalled carbon nanotubes [28].

While surface oxidation does increase solubility and potentially reduces the carbon nanotube
toxicity by increase surface hydrophilicity [13,29], the oxidation has also proven useful in aiding
surface interaction. Oxidization provides a means to add other functional groups on the carbon
nanotube surface by covalent or non-covalent interaction. This binding platform is often the
initial step for multiple other functionalization pathways, including acylation, amidation,
metalation, and hydroxylation [30] and is used to graft other molecules like polymer, peptides
and enzymes on to the carbon nanotube surface [29,31–34]. Oxidation is also used to control
non-covalent adsorption of substrates onto the carbon nanotube surface [34,35]. Zhao recently
studied the impact of the degree of oxidation on the enzymatic activity of α-chymotrypsin and
demonstrated the importance of concentration of surface functionalization played on biosensors
function [36]. Additionally, adsorption of metal contaminants is improved through the
electrostatic interaction with carboxylation on the carbon nanotubes surface improving nanobased filtration systems [37]. Given that concentration of functional groups impacts the
interaction of carbon nanotubes with environment and biomolecules, accurate characterization
of the carbon nanotube surface is crucial [36,38–40].

This chapter focuses on a review of seven relevant analytical methods for the characterization
of carbon nanotube surface oxidation. Several other well written reviews [13,41–44] for
characterization of carbon nanotubes have been published over the years; however, this review
focuses particular attention on analytical instrumentation, applications and limitations as they
6

pertain to oxidation. In addition, analytical techniques, like fluorescence, UV-vis, Atomic Force
Microscopy and Dynamic Light Scattering, which are used to quantify surface interactions
between carbon nanotubes and substrates are also discussed. Lastly, this review discusses the
emerging application of capillary electrophoresis, which to our knowledge is the only analytical
technique that can provide both characterization of functionalization and quantification of
interactions.

1.2. CHARACTERIZATION OF CARBON NANOTUBE FUNCTIONALIZATION
Table 1-1: Characterization Techniques Applied to Assess Carbon Nanotube
Oxidation
Method

Technique

Analytical Measurement

Limitation

FTIR

Spectroscopic

Identification of Functional Groups

Poor quantification

Raman

Spectroscopic

Quantification of Functional Groups

Poor selectivity

XPS

Spectroscopic

Quantification of Elemental C and O

Poor selectivity

TGA

Thermal Analysis

Quantification of Functional Groups

Poor selectivity

pH Titration

Potentiometric

Quantification of Functional Groups

Sample size
Laborious

Zeta Potential

Electrophoretic

Surface Charge

Poor selectivity
Poor quantification

SEM/TEM

Microscopy

Dimension, Length and Width

Poor selectivity
Sample preparation

Multiple analytical techniques can be applied to study carbon nanotube oxidation. Table 1-1
reviews the seven techniques that will be discussed and briefly describes the application and
limitation of each. Often times multiple characterization techniques are used to identify,
quantify and locate the position of carbon-oxygen functional groups on the carbon nanotube
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surface [21,23,25,38,45–47]. Combinations of these methods are used to fully characterize
changes in the carbon nanotubes surface with oxidation. Xue et. al combined multiple
techniques to characterize and compare pristine carbon nanotubes to carboxyl, hydroxyl, and
amine functionalized samples [40]. First, the identification of functional groups was performed
with infrared spectroscopy. The amount of functionalization was then assessed with thermal
degradation analysis with TGA, and the dispersion and length of each sample was determined
with transmission electron microscopy. Integration of each carbon nanotube samples into a
polypiperazine-amide nanofiltration membrane were investigated with several other techniques.
Bond formation was investigated with x-ray photoelectron spectroscopy, surface
topography/roughness was analyzed with atomic force microscopy and visualized with scanning
electron microscopy. These techniques work together to understand both surface
functionalization and interaction and each technique can be leveraged to produce
complementary results based on the need of the researcher. Therefore, a fundamental
understanding of how each technique works and what information is provided is key to
successful characterization.

1.2.1. Infrared Spectroscopy

Infrared Spectroscopy (IR) is one of the most commonly used methodologies for identifying
functional groups on the oxidized carbon nanotube surface. Samples are irradiated with photon
energy from the IR light source causing the bonds of the functional group to vibrate. When the
frequency of the bond vibration matches the frequency of the infrared source, light is absorbed.
Each functional group will absorb at different frequencies (reported as wavenumber cm-1 = (1/λ
or v/c)) and, by analysis of the IR spectra, functional groups are identified. Common detectors
only quantify the total loss of intensity with absorbance; therefore, to differentiate the absorbed
frequencies, a Michelson interferometer is used to create an interference IR pattern. (See
8

Figure 1-3 for details about Michelson interferometer). As light is absorbed by the carbon
nanotube sample, the interference pattern changes and is decoded using the Fourier Transform
[48].

Figure 1-3: Schematic of Fourier Transform Infrared Spectroscopy

Stationary
Mirror

Beam Splitter

Movable
Mirror

IR source

Detector
Fourier
Transform

Figure 1-3: Infrared Spectroscopy: A) Block schematic of Fourier Transform Infrared
Spectroscopy. The Michelson interferometer splits the IR source light into two beams of equal
power at a beam splitter. Each of the split beams goes two either a stationary or moving mirror.
The beam is reflected to the beam splitter and through the sample. As the moving mirror shifts
back and forth in space, it causes fluctuations in beam as it passes through the sample and
creating an interference light pattern that can be decode by Fourier Transform.

Distinct IR absorbance bands are used to differentiate and identify functional groups. For
example, the OH functional group vibrates at 3427 cm-1, while the C-O in the carboxylic acid
functional group is identified by absorbance at 1384 cm-1. Traditionally, IR is often employed as
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a means of characterization of carbon nanotubes prior to applications in polymer composites,
toxicity studies, and biomedical devices [38]. Beyond this use IR has been applied to monitor
change in functionalization with secondary interactions [31]. Changes in absorbance bands
have been used to confirm the reaction mechanism and addition of small molecules for creation
of multifunctional carbon nanotubes for biosensors [23,49]. Recently, IR analysis was applied
to confirm the addition of gold nanoparticles onto the surface of oxidized carbon nanotubes by
monitoring the reduction of -OH with gold functionalization [50]. IR has been employed to
monitor the increase in oxidation utilizing shifts in band absorbance [22]. However, poor limits
of detection and poor band resolution diminishes the ability of IR to quantify the concentration of
functional groups on the carbon nanotubes [42,51]. Some reports state that the poor limits of
detection has even hindered the detection of low concentration functional groups [24]. Yet, the
ease of use and commercial availability of IR systems continue to make it one of the most
prevalent methods.

1.2.2. Raman Spectroscopy

Raman Spectroscopy is often used in conjunction with IR measurements to determine purity of
carbon nanotube samples. Like IR, Raman measurements are based on the vibration of the
bonds; however, inelastic light scattering caused by vibration is measured rather than
absorbance. Inelastic scattering or Raman scattering is a shift in frequency of a monochromatic
light source caused by interaction of functional groups on the carbon nanotubes. The frequency
shift results from interaction of the light with vibration bonds that change in polarizability when
excited. Figure 1-4 shows a simplistic schematic of the Raman Spectroscopy. A
monochromatic light source or laser is used to irradiate the sample. The Raman scattered light
is detected at a fixed angle after filtration. The majority of light scattered from the sample is from
elastic scattered light or Raleigh scattering, which is scattered light that does not change
10

frequency with interaction. Therefore, this wavelength of light needs to be filtered to improve the
signal to noise ratio. Only 1 in 1011 photons produced are from Raman scattering [52]; however,
the amount of light scattering is directly proportional to the amount of sample present and
provides quantification [48].

Figure 1-4: Schematic of Raman Spectroscopy Instrumentation.

Filter for elastic scatter

Laser
Detector

Figure 1-4: Block diagram for Raman Spectroscopy. The laser light source irradiates the carbon
nanotube inducing light scatter. The elastic light scatter is filtered out allowing detection of only
the inelastic scattered light.

In the case of oxidized carbon nanotube, two distinct Raman bands are used for
characterization of sample purity. The first band is generated from the sp2 bonds (double
bonded carbon) of the carbon nanotubes graphitic structure. This bond is detected at ~1600 cm1

in the Raman spectra and termed the G-band. The second, termed the D-band, arises from

the “disordered” or sp3 bonds (single bonded carbon) and is detected at ~1350 cm-1 [53].
Other bands are detected in the Raman spectra for carbon nanotubes. The G’ band (~2700 cm1

) is produced from the second scattering process while bands between 100–400 cm-1 are used

to identify chirality in single walled carbon nanotubes [54]. When the D band and G band are
compared, the ratio of disordered to ordered carbon (ID/IG) can be used to quantitatively assess
the amount of disorder. Often time this ratio is used to show the purity of the carbon nanotube
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samples, with samples containing a lower ratio indicating less disorder and higher graphitic
purity. Measurements of change in oxidation with time and temperature have been
comparatively assessed by the ID/IG ratio [21,24,25]. Shifts in the ratio have are monitored to
estimate covalent or noncovalent modification. However, the signal intensity of Raman
measurements results in a lower sensitivity that makes differentiation between functional groups
difficult. As a consequence, the D-band quantifies the total amount of disorder including carbon
nanotube defect sites and amorphous carbon impurities [54]. Yet Raman Spectroscopy proves
a simple way to rapidly quantify sample purity.

1.2.3. X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) provides elemental analysis of the carbon nanotube
post oxidation. The amounts of oxygen deposited on the carbon nanotube as well as the total
carbon and potential metal contaminates are measured when the carbon nanotube is irradiated
with a monochromatic x-ray. The energy from the x-ray source excites electrons in the core
shell of each atom causing the electrons to be emitted. The energy of the electrons is
measured and converted to binding energy:
BE = KE – hν – w
where binding energy, BE, is the sum of the kinetic energy, KE, of the electron after it is
released from the atom minus the energy of the x-ray source, hv, and the work function of the
instrument, w [48]. The kinetic energy of the electron is quantified with an electron energy
analyzer, which separates the electrons by energy for identification and quantification with the
multichannel detector (Figure 1-5) [52]. The analysis must be kept under vacuum [55] which
can lead to expensive instrumental cost.

12

Figure 1-5: Schematic of X-ray Photoelectron Spectroscopy Instrumentation
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Figure 1-5: Block diagram of X-ray Photoelectron Spectroscopy. The carbon nanotube surface
is irradiated with an X-ray source causing release of core shell electrons. Electrons are
separated based on energy in hemispherical field spectrometer and analyzed with a
multichannel detector.

XPS is superior at analyzing and quantifying changes in oxygen and carbon elemental
composition with carbon nanotube surface oxidation [19,54]. Datsyuk and others used XPS to
determine how the total amount of oxygen changes with oxidants selection, time and
temperature [21,24,40]. Additionally, quantification of individual functional groups is assessed
by analyzing shifts in the binding energy. Shifts in binding energy occur when the electron
density of the core electron is pulled by neighboring elements bonded together [40]. However,
this can be problematic because binding energies of oxidized carbon nanotube functional
groups overlap. To differentiate the carbon or oxygen atoms involved in carbonyl, carboxyl acid,
or hydroxyl bonds, peak deconvolution is needed. In deconvolution, the maximum binding
energy for each bond is selected based on reference materials and utilized to determine the
atom % of each group. Selectivity of maximum binding energy has differed significantly in
published literature resulting in differences in functional group quantification. Wepasnick shows
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that slight change in the binding energy selection from 289.1 to 288.9 eV increases the
estimated percentage of carboxylic acid roughly 2-fold [42]. In order to eliminate this limitation,
chemical derivation of functional groups is used to isolate peaks and easily quantify functional
groups [24]. Despite this advancement, XPS with deconvolution still remains a prevalent
method for the characterization of functionalize groups on carbon nanotubes.

1.2.4. Thermogravimetric Analysis

Changes in the thermal properties of oxidized carbon nanotubes are also used to characterize
surface functionalization. Thermogravimetric analysis (TGA) elucidates the physical purity of the
carbon nanotubes as a function of increased temperature and decrease in mass. As the inside
of a furnace, which containing a carbon nanotube sample, is heated, the sample loses mass.
Mass loss at specific temperature is used to elucidate physical structures or molecules present
on the carbon nanotube surface. A schematic of the TGA instrumentation (see Figure 1-6)
shows the thermobalance used to measure change in mass at high temperatures. The carbon
nanotube sample is placed on the balance arm which is thermally isolated within the furnace
and the environment surrounding the sample is maintained with an atmospheric gas. As the
weight on the sample decreases, the balance arm shifts and the changes to the balance arm
are detected [48].
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Figure 1-6: Schematic of Thermogravimetric Analysis Instrumentation
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Figure 1-6: Block diagram of Thermogravimetric Analysis Thermobalance. The carbon nanotube
sample, in a furnace under controlled atmospheric gas, is attached to the balance component
via the balance beam. Mass loss is monitored by movement on the balance beam and is
detected by a laser and photodiode.

TGA is often used to compare the change in thermal degradation of pristine and oxidized
carbon nanotubes [47,56–58]. By comparing the percentage of mass lost with thermal
degradation, the total concentration of functional groups is easily obtained. Some researchers
have used the thermal degradation of carbon nanotubes to determine functional groups by
analyzing mass reduction at specific temperatures [40,56]. Initial mass drops around 100-150
ºC are from the removal of water absorbed on the carbon nanotube surface. A drop between
150-300 ºC has been associated with carboxylic acid, 350-500 ºC indicate the hydroxyl group
while 500 - 600 ºC is attributed to disordered amorphous carbon [56]. However, the method
requires a large sample size, up to 100mg [47,48]. Minute changes in mass are difficult to
detect especially when the concentration of the functionalization group is much lower than that
of the total amount of carbon. To improve detection of functional groups, TGA has recently
been coupled with mass spectroscopy (MS) [59,60]. Chernyak utilized TGA coupled to a
quadrupole mass spectrometer to analyze the mechanism of thermal degradation of carbon
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nanotubes at various thermal rates [60]. As the carbon nanotube sample is heated the
environmental gas is removed, ionized and analyzed in the mass spectrometer. The study then
determined that as carbon nanotube samples thermal degraded, water, carbon monoxide,
carbon dioxide, and nitric oxide are released, providing the sequence of surface transformation.

1.3. OTHER CHARACTERIZATION TECHNIQUES

1.3.1. Titration (Boehm pH method)

Another method for the analysis of carbon nanotube oxidation is by using multiple titrations
following the Boehm method. The method uses pH titration to quantify the acid functional
groups; carboxylic acid, lactone, and phenol, on the carbon nanotube surface. The carbon
nanotube sample is stirred up to 24 -72 hours [49,61–63] to ensure maximum neutralization by
buffer solutions of either Sodium Bicarbonate (NaHCO3), Sodium Carbonate (Na2CO3), or
Sodium Hydroxide (NaOH). It is assumed the NaOH neutralizes carboxylic acid, lactone, and
phenol groups; Na2CO3 neutralizes carboxylic acid and lactone groups; while NaHCO3
neutralizes carboxylic groups. The concentration of base required for carbon nanotube
neutralization is proportional to the concentrations of the functional groups. Therefore, after
incubation the neutralized carbon nanotubes are removed via filtration and the concentration of
the remaining base is determined by titration with hydrochloric acid (HCl) (see Figure 1-7)
[61,64]. The amount of each functional group is then elucidated by subtraction of the
concentration of functional groups determine in the NaHCO3 or Na2CO3 titrations from the
NaOH titration.
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Figure 1-7: Schematic of Boehm Titration Methodology

Na+
HCl
pH

NaOH

NaOH

NaOH

OHincubate

filter

titrate

Figure 1-7: Schematic of the Boehm pH Titration Methodology: A) Schematic depicting the
stepwise process of carbon nanotube pH titration with Sodium Hydroxide (NaOH). The carbon
nanotubes are incubated with excess NaOH base. Post incubation the carbon nanotubes are
removed via filtration. The filtrate is then titrated with hydrochloric acid (HCl).

The Boehm pH titration is often applied to determine the concentration of functional groups and
is often used with other techniques to confirm oxidation [46,57,61]. Changes in modification with
oxidant, method and time have all been confirmed with pH titration [63]. Yet, several limitations
prevent the increased use of titration for characterization [61]. First, the Boehm method
requires three laborious and time-consuming titrations with incubation required for up to 3 days
prior to filtration [49,62,63]. Each titration requires a significant amount of carbon nanotubes
samples (up to 200 mg) to differentiate minute pH changes caused by the typically low
concentration functional groups [64]. Lastly, these samples must be devoid of dissolved carbon
dioxide to prevent false positives [65]. To eliminate some of these shortcomings a one pot
titration method has recently been introduced [66]. The method directly titrates carbon
nanotubes with NaOH. Utilizing the known pKa of each functional group and the titration curve,
individual concentrations of each group are determined with the Henderson-Hasselbach
equation. The one-pot titration method was compared and shown to have similar results to the
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multiple titration method, therefore, reducing the need for multiple titration steps without loss of
information.

1.3.2. Zeta Potential

Quantifying the change in surface charge is another rapid way to differentiate pristine and
oxidized carbon nanotubes. Surface charge is often quantified as the zeta potential or the
potential difference between the electric double layer surrounding the carbon nanotubes and the
buffer [67]. The electric double layer forms around carbon nanotubes dispersed in buffer and
consist of two layers; the Stern layer, a fixed layer of oppositely charged ions on the carbon
nanotube surface, and the diffuse layer, a less tightly packed layer consisting of both positive
and negative ions surrounding the Stern layer. The potential difference between the diffuse
layer and the buffer is directly proportional to the carbon nanotubes charge [67]. The zeta
potential is determined by analyzing the carbon nanotubes electrophoretic mobility and
calculated using Henry’s equation. To determine the electrophoretic mobility, the velocity of
carbon nanotube is monitored in a cell or capillary under an applied or alternating electric field;
see Figure 1-8 for a schematic [67].
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Figure 1-8: Schematic of Zeta Potential Instrumentation
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Figure 1-8: Block diagram of Zeta Potential Instrumentation. The carbon nanotube is suspended
in aqueous solution, an alternating electric field is applied and the carbon nanotube moves back
and forward. Migration of the carbon nanotubes in the electric field monitored and detected via
light scattering.

Zeta Potential is frequently employed to determine differences in surface charge post
functionalization or interaction [45,62,68,69]. Significant differences between pristine and
oxidized carbon nanotubes are often reported because the oxidation process increases the net
negative charge. This increase in negative surface charge results in increased electrostatic
repulsion, therefore zeta potential is used as a metric to describe carbon nanotubes suspension
[51,57,69]. Differences in zeta potential with pH or buffer conditions have been used to
determine carbon nanotube stability as a function of aqueous environment [69]. In addition,
zeta potential measurements have been used to characterize the absorption of proteins,
polymers, and surfactants onto the carbon nanotube surface [65]. This change in surface
charge indicates interaction of the protein and carbon nanotubes and a higher absolute zeta
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potential value with protein interaction indicates increased stability with coverage. While zeta
potential measurements are useful for quick and simple analysis of surface charge, identification
and quantification of charge functional groups cannot be determined. Additionally, significant
differences in oxidation time or temperature are not readily determined at each pH [58].

1.3.3. Electron Microscopy

Electron microscopy (EM) techniques like scanning and transmission Electron Microscopy (SEM
and TEM, respectively) visualize the change in carbon nanotube length, distribution and side
defects as a function of oxidation. These techniques do not provide identification or
quantification of surface oxidation but are so frequently used with all other methods previously
discussed that it is included in this review [17,21,45,56]. Both SEM and TEM utilize an electron
beam to increase magnification and image the nanometer size carbon nanotubes. Figure 1.-9
shows a schematic of EM instrumentation. The electron beam is either scattered off of the
carbon nanotube surface or transmitted through the carbon nanotube surface [48]. SEM
detects the scattering of secondary electrons (weakly bound conductive electrons at the sample
surface) as the electron beam moves across the sample. The scattered electrons are converted
to photons in a scintillator before detection with a photomultiplier. SEM cannot be performed
without the addition of conductive gold sputtering, this aids in the reduction of charging which
can prevents the production of additional secondary electrons. TEM measures the phase shift
diffraction of electrons traveling through the sample. The entire sample surface is analyzed at
once and a magnified image is formed with a charge couple device. To obtain high resolution of
images in TEM, samples must be thin enough for electrons to pass through.
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Figure 1-9: Schematic of Electron Microscopy Instrumentation
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Figure 1-9: Schematic of Electron Microscopy Instrumentation depicting the difference between
Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM). The
electron beam generates scattered electron that are detected in photomultipler in SEM while the
electron beams at pass through the carbon nanotube sample are detected with charge couple
device in TEM.

EMs are used to observes structural changes of the carbon nanotube post oxidation. Changes
in carbon nanotube diameter, length and self-aggregation as a function of oxidation can be
determined by visualizing the carbon nanotube samples with TEM or SEM [21,22,70]. The EM
methods have been used to visualized increased surface roughness, amorphous carbon and
side defects with oxidation, leading to the hypothesis that oxidation of carbon nanotubes is
caused by induced damage of the carbon nanotube surface [37]. Additionally, TEM and SEM
have been used to monitor morphology to determine which oxidative method causes the most
damaging defects [24,25,38,40,45,71,72]. TEM and SEM have also been applied to visualize
change in morphology when gold electrostatically bonded to the carbon nanotube surface to
form a nanocomposite [50,65] and most importantly to visualize dispersion of carbon nanotubes
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throughout composites [73]. However, these methods solely visualize qualitative change in
carbon nanotube structure and do not provide information about the functional groups.
Nevertheless, EMs methods are powerful tools for carbon nanotube characterization.

1.4. QUANTIFICATION OF CARBON NANOTUBE INTERACTION

Oxidization is often used as the initial step for other covalent and noncovalent modification
pathways. The carboxylic acid molecules are covalently modified to add other small molecules
like amide, chloride and other small molecules [23,31,70]. These small molecule attachments
are important for biosensors and drug delivery as they provide a mechanism for targeted
immobilization of proteins and enzymes [32,34,74–80]. While covalent modification is of
significance importance for further functionalization, it can lead to denaturation of proteins and
reduction in enzymatic activity [74,81,82]. Non-covalent interaction allows biomolecules to
maintain tertiary structure [36]. Biomolecules can form bonds with oxidized carbon nanotubes’
surface through electrostatic, pi-pi, and hydrophilic interaction [49] and several studies have
reported utilized the oxidation of carbon nanotubes to control surface adsorption of metals and
organic material, and to improve dispersion in nanocomposites [29,62,68,71,83,84]. These
surface interactions play key roles in biosensors and biomedical devices as well as
environmental and human toxicity and therefore it is critical to understanding how oxidation
impacts surface interaction.

The following section details analytical techniques used to characterize and quantify surface
interactions. Some of the techniques already discussed in detail are capable of detecting
changes in carbon nanotube surface composition caused by interaction with proteins and in
nanocomposites. The analytical techniques in this section quantitatively assess the amount of
substrate adsorbed to the carbon nanotubes, the kinetic/aggregation rates or the affinity of
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substrate binding on the carbon nanotube surface. Table 1-2 details the four analytical
techniques that will be discussed. Each technique has advantages and disadvantages and
should be selected based on the researchers’ need. Like the previous discussion, this section
reviews the instrumentation, applications and limitations of each technique in addition to the
mathematical models used to quantify interaction.

Table 1-2: Analytical Techniques Applied to Characterization Surface Oxidation of Carbon
Nanotubes
Method

Technique

Fluorescence Spectroscopy

Analytical
Measurement

Mathematical
Model

Fluorescence

Stern Volmer

Limitation
Fluorescent
Substrate

Double-Logarithmic
UV-vis

Spectroscopy

Molecular
Absorption

Freundlich

Pre-separation
Free/Bound,
Multiple Analysis

Langmuir

AFM

Microscopy

Adhesion Force

Force-Distance
Curve

Covalent
Modification of Tip

DLS

Hydrodynamic
Radius

Aggregation Size

Aggregation Rate
Kinetics

Only sizes
Spherical Particles

1.4.1. Fluorescence

Fluorescence Spectroscopy is often used to quantify the interaction of carbon nanotubes with a
substrate by monitoring change in the emission signal. Fluorescence detection occurs in two
steps. First, an electron in the molecule of interest is excited using energy of a specific
wavelength. Then a photon is released as the excited electron relaxes back to its ground state.
The amount of signal produce during relaxation is directly proportional to the concentration of
sample present. The emitted photons typically have a lower frequency than the excitation
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source. To detect the emitted photons without interference from the incident laser light, the
detector is set at a 90º angle as shown in the simplified schematic in Figure 1-10 [48]. To
quantify binding however, a reduction in the emission signal must occur. This reduction in
signal or fluorescence quenching occurs when energy from the excited stated is redirected to
the carbon nanotube [85–88]. Because the excitation and emission are unique to the substrate,
the reduction in signal with binding is directly related to surface interaction. Therefore,
fluorescence quenching analysis can occur without the need for separation of the free and
bound state, making fluorescence quenching a powerful metric to quantify binding interactions.

Figure 1-10: Schematic of Fluorescence Instrumentation.
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Figure 1-10: Schematic of Fluorescence Instrumentation. The laser light source illuminates the
sample containing free analyte and analyte bound to the carbon nanotube surface. The bound
analyte will not fluoresce while the free analyte fluoresces at a difference wavelength than the
source light.

The interaction of carbon nanotube and substrate using fluorescence quenching is quantified
using the Stern-Volmer equation:
Io/I = 1 + KSv[CNT]
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where Io is the initial intensity of the substrate without carbon nanotubes present, I is the
intensity at a given carbon nanotube concentration, [CNT], and Ksv is the Stern-Volmer
quenching constant. The Stern-Volmer quenching constant is the product of the kq or
quenching rate coefficient and τ0, which is the fluorescence lifetime of the substrate in the
absence of a quencher (KSV = kqτ0) [89]. After taking multiple fluorescence measurements with
increasing concentrations of carbon nanotube, the Stern-Volmer constant is determined from
the slope of the Io/I versus the carbon nanotube concentration [86]. As the concentration of the
carbon nanotube continues to increase, the fluorescence signal decreases. Recently, the
fluorescence quenching has been applied to analyze adsorption of proteins onto carboxylated
carbon nanotubes [36,71,90,91]. Zhao et. al. used fluorescence quenching analysis of alphachymotrypsin to determine protein adsorption onto carbon nanotubes functionalized with varying
degrees of oxidation [36]. As the degree of oxidation increased, the protein adsorption
increased while enzymatic activity decreased. These results indicate that surface oxidation
plays a key role in protein adsorption. The study showed the need for methods that can rapidly
probe carbon nanotube surface interaction to determine how changes in oxidation effect
biosensor performance. Fluorescence quenching analysis, however, is limited to fluorescent
substrates or requires the substrates be labeled with fluorophores [85,86,92]. Additionally, the
carbon nanotube and substrate must be allowed to incubate so that equilibrium is reached prior
to analysis.

1.4.2. UV-vis Spectrometry

UV-vis spectrometry is another technique used to elucidate interaction of substrates with carbon
nanotubes based on the substrate absorbance. UV-vis spectrometry quantifies the absorbance
or transmission of ultraviolet and visible light through a substrate. Utilizing Beer’s law changes
in substrate concentration or carbon nanotube stability/turbidity can be quantified [58,69,93].
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UV measurements are obtained when light from a UV light source passes through a sample.
The amount of light passing through the sample is detected and used to quantify concentration
while the wavelength of light absorbed is indicative of composition [94]. Figure 1-11 shows the
instrumental schematic of absorbance at a specific wavelength. In the simplest form, light from
a white light source is split into multiple wavelengths using a diffraction grating. A filter or slit is
then used to select the single wavelength that passes through the substrate. This instrument
often used to measure the unbound concentration of the substrate post interaction with
functionalized carbon nanotubes and to determine the adsorption rate and coefficient.

Figure 1-11: Schematic UV-vis Spectrometry Instrumentation
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Figure 1-11. Block diagram of UV-vis Spectrometry. Light from the source is selected and
filtered through a filter or monochromator. The unbound analyte, that has been separated from
the analyte- carbon nanotube complex, is irradiated and the light passing through the sample is
quantified.

Quantification of substrate adsorption with UV-vis requires multiple steps and can be analyzed
with two different mathematical models. Typically, a known constant concentration of carbon
nanotubes is incubated with the substrate over various time periods. Post incubation the
complexed carbon nanotubes and substrate are removed via centrifugation. The concentration
of the unbound or free substrate is then quantified with UV-vis. By plotting the substrate
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concentration versus incubation time, the aggregation rate kinetics, the adsorption capacity at
equilibrium (qe, the amount of substrate adsorbed per g carbon nanotube) and the concentration
of substrate at equilibrium, Ce, are determined. From the absorption capacity equilibrium, the KL
or affinity parameter or KF, sorption coefficient can be quantified, The Langmuir equation
qe = qmaxKLCe/1 + KL Ce
is used to determine capacity equilibrium, while the affinity parameter in quantified with the
Freundlich equation:
qe = Kf + Cen
The Langmuir model is used to analyze monolayer adsorption while Freundlich model is used to
model multi-layer adsorption [84,93,95,96] and frequently both models are applied to data to
determine adsorption mechanism. Statistical analysis using extra sum of the square F test,
Akaike's criterion test or comparisons of R squared can been used to rank these models and
determine the best fit [96]. Both models have been applied to compare the ability of pristine and
oxidized CNT to bind toxicants [84,97,98], study the adsorption of composite materials [96] and
protein binding [36,90,91]. A study of the adsorption of dissolved organic matter, humic acid,
was performed using both models. The study revealed that adsorption of organic humic acid
could be controlled based on carbon nanotube oxidation, thus potentially reducing carbon
nanotube interference in the environment [93]. While UV-vis spectroscopy provides a means of
assessing adsorption, the analysis process is tedious requiring multiple separation and
incubation steps for a single analysis. Samples need to be separated before analyses so that
no carbon nanotubes remain. This can require additional purification optimization with each
carbon nanotube substrate interaction as well as potential loss of unbound substrate.

1.4.3. Atomic Force Microscopy
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Atomic force microscopy is a scanning probe microscopy technique used to create 3D images
based on the elastic properties of the surface. Figure 1-12 shows the traditional set up for AFM
measurements. A tip connected to a cantilever moves across a sample by either tapping or
scanning. As the height of the tip shifts, a laser light directed on the back of the cantilever
measures the distance. The laser is reflected off the cantilever and the position of the laser is
monitored using a photodiode. These measurements are converted to determine the force of
the tip as it comes into contact with the surface using Hooke’s law (F = kd, where k is the spring
constant of the tip oscillation and d is the deflection of the tip). The deflection of the tip as it
moves across the surface on the x and y axis is used to plot the changes in topography of the
surface. Like SEM and TEM, AFM is often used to determine the change in topography of
carbon nanotubes with surface interaction and has even been used to monitor change in carbon
nanotube length with increase oxidation [27,40]. Additionally, AFM can be used to easily image
the interaction of carbon nanotubes with biological substrates [99,100]. These methods can
provide information about the structure of carbon nanotube substrate interactions; however,
AFM can additionally be used to determine binding strength.
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Figure 1-12: Schematic of Atomic Force Microscopy Instrumentation
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Figure 1-12: Schematic of Atomic Force Microscopy Instrumentation. The modified tip comes
into contact with the carbon nanotube surface and binds. The cantilever moves the tip upward
and the force required to break the bond is quantified by the shift in laser position.

AFM has the unique ability to measure the changes in force caused by interaction of a modified
tip with an analyte surface. AFM tips have been modified to either contain the substrate of
interest or an oxidized carbon nanotube [81,101] . In both cases the force and distance the tip
must migrate up after it comes into contact with the surface is used to analyze carbon nanotube
substrate interaction. The force required to move the tip from the surface is directly proportional
to the adhesion force of the carbon nanotube and substrate interaction and is quickly analyzed
using a force vs distance curve. Studies with AFM tips decorated with polytryptophan or
polylysine were used to analyze the intermolecular forces of polypeptide adhesion to
carboxylated carbon nanotubes [101]. Variations across pH and percent oxidation revealed
increased electrostatic interaction of polylysine in comparison to π-π interaction with the
polytryptophan. AFM is an excellent way to determine adhesion strength of carbon nanotube
and substrate but does require chemical modification of the AFM tips. Controlling the
concentration or amount of substrate or carbon nanotube on the tip can be difficult if not
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impossible. Tip modification is also limited to the interaction of carbon nanotube and substrate
on a single surface, therefore changes in substrate structure due to wrapping or denaturing
cannot be determined.

1.4.4. Dynamic Light Scattering

Change in carbon nanotubes aggregate with interaction is measured with dynamic light
scattering (DLS). DLS is used to measure the hydrodynamic radius of particles suspended in
aqueous solution. Figure 1-13 shows the instrumental set up to measure particle size with DLS.
As particles move based on random Brownian motion, laser light induces Rayleigh light
scattering [67]. Fluctuation in the light scattering in time is used to determine the exponential
decay of particles motion which is converted to the diffusion coefficient. Utilizing the diffusion
coefficient and Stokes-Einstein equation, the hydrodynamic radius of a particle is determined.
The Stokes-Einstein equation, however, only applies to spherical particles, therefore the
accurate size of a carbon nanotube cannot be determined and the hydrodynamic radius is often
measured as much less than the actual carbon nanotube length [67]. While size measurements
for carbon nanotubes are not obtained with DLS, changes in apparent size can be used to
monitor self-aggregation of carbon nanotubes or size change with interaction. Time-resolved
DLS measures the change in complex size with time to determine the aggregation rate constant
[28,39]. By utilizing this rate constant, researchers have been able to determine particle
stability, aggregation kinetics and the critical coagulation concentration, which is the minimum
concentration of electrolyte needed to induce carbon nanotube aggregation [28,102].
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Figure 1-13: Schematic of Dynamic Light Scattering Instrumentation
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Figure 1-13: Schematic of Dynamic Light Scattering Instrumentation. The analyte-carbon
nanotube complex is suspended in an aqueous solution. The random Brownian motion of the
complex is monitored by laser induced light scattering and converted to size measurements.

Dynamic light scattering is applied to monitor how environmental conditions affect oxidized
carbon nanotubes self-interaction by varying ionic buffers, buffer composition or substrate
concentration [28,39,51,102]. Recently a study determined the effect of oxidation on carbon
nanotubes stability. The hydrodynamic radius of carbon nanotubes with 9.5% oxygen (as
determined by XPS) remain relatively the same as time increases, indicating a direct correlation
between increased surface oxidation and increased stability while carbon nanotubes with lower
oxidation aggregated with time [39]. Other studies have used DLS to monitor the change in
complex size with time as a means to understand surface interactions [90,103]. The interaction
with globular protein bromelain with oxidized carbon nanotubes have been studied with DLS by
monitoring change in size with protein concentration. When combined with other measurement
techniques, the authors concluded that increased concentration of protein resulted in complex
aggregation and not stability. Despite the usefulness of DLS in monitoring particle stability and
rates of aggregation, the method cannot provide information about binding strength nor the
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intermolecular forces governing binding. Additionally, the method requires multiple
measurements across various buffer conditions and substrate or carbon nanotube
concentrations.

1.5. EMERGING TECHNIQUE- CAPILLARY ELECTROPHORESIS TO CHARACTERIZE
CARBON NANOTUBE SURFACE OXIDATION AND SURFACE INTERACTION

Capillary electrophoresis has recently demonstrated the capability to perform both surface
functionalization and surface interaction characterization of carbon nanotubes. This innovative
method employs affinity capillary electrophoresis to characterize carbon nanotube
functionalization by monitoring shifts in the mobility of a specific binding probe. Figure 1-14
shows how electrophoretic mobility is obtained in capillary electrophoresis. Analytes migrate to
the detection window with the bulk flow (electroosmotic flow, EOF) and separate based on
individual electrophoretic mobility, which is determined by analytes charge-to-size ratio [104].
Differences in carbon nanotube electrophoretic mobility have previously been used to analyze
carbon nanotube length and distribution [105], the details of which will be discussed in chapter
2. However, for this analysis, the mobility shift of a specific binding probe (WRWWWW) is used
to characterize the degree of functionalization. As the peptide migrates and interacts with
oxidized carbon nanotubes distributed through the capillary, the peptide’s charge-to-size ratio
shifts, decreasing migration. By systematically increasing the carbon nanotube concentration in
the capillary, the shifts in mobility are used to determine the dissociation constant for the
electrostatic interaction of carbon nanotube and peptide using the Hill equation [106,107]. The
dissociation constant is inversely proportional to the degree of oxidation, and by changing the
peptide probe, the surface interaction of oxidative carbon nanotubes can be easily analyzed.
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Figure 1-14: Schematic of Capillary Electrophoresis Instrumentation.
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Figure 1-14: Schematic of Capillary Electrophoresis Instrumentation. Substrate is injected into
and interacts with carbon nanotube dispersed throughout the capillary. Substrate migration is
based on charge-to-size ratio and the electroosmotic flow through the capillary. The substrate
migration changes based on carbon nanotube interaction. Shifts in the substrate migration are
monitored with UV-vis detection and used to quantify binding.

The affinity capillary electrophoresis method has been applied to analyze variations in carbon
nanotube oxidation and interaction using the Hill equation to determine the dissociation
constant. The Hill equation, which models the equilibrium binding between peptide and carbon
nanotube, is as follows:

𝛳=

[𝐶𝑁𝑇]𝑛
[𝐶𝑁𝑇]𝑛 + 𝐾𝐷 𝑛

where ϴ is the fraction of peptide bound over peptide total as determined from the mobility shift,
[CNT] is the concentration of the carbon nanotube under investigation, KD is the dissociation
constant and n is the cooperativity coefficient. Dissociation constant measurements have been
used to characterize differences across carbon nanotube manufacturers and oxidation time
[108]. Dissociation constant measurements were also used to elucidate intermolecular forces
governing protein-carbon nanotube interaction using subtraction and substitution of amino acid
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from the WRWWWW peptide probe [109]. The study isolated key roles amino acids arginine
and tryptophan play in electrostatic and pi-pi interaction with carboxylated carbon nanotubes.
By dispersing the carbon nanotubes in the background electrolyte, two fundamental issues with
carbon nanotube injections are avoided; peak band broadening due to carbon nanotube
heterogeneity and the poor UV-VIS detection of multiwalled carbon nanotubes. Both issues
make detecting and monitoring carbon nanotubes migration nearly impossible and instead a
peptide was injected and monitored. By overcoming these issues, affinity capillary
electrophoresis becomes an enabling tool to analyze surface oxidation and surface interaction
and, to our knowledge, is the only technique capable of both.
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2.0. INTRODUCTION

Carbon nanotubes are significant to different manufacturing sectors, including advanced
performance materials [2], biosensors [3], and other health applications [4]. Production is
estimated at 4,500 tons of carbon nanotubes per year. Increased demand for multi-walled
carbon nanotubes is anticipated [2, 5] because of their mechanical properties and bulk cost [2].
Functionalization of carbon nanotubes enhances performance in a variety of applications such
as composites [6, 7], electrochemical sensors [8], or for the immobilization of biomolecules [9,
10]. There is even evidence that surface modification can be used to modulate toxicity [4, 1113]. Oxidation of carbon nanotubes, which produces carboxyl functional groups, is the most
prevalent method of surface modification, and is accomplished in the laboratory setting with
acidification. New technologies are being developed to increase the feasibility of surface
modification. Recently, carbon nanotubes were rapidly and economically functionalized in
composites with the use of a plasma in an oxygen rich environment [14]. Simple, inexpensive,
and accurate methods to characterize carbon nanotube surface functionalization are
fundamental to advancing translational research in biosensing and biotechnology and to provide
quality control required in manufacturing.

Analytical methods used to characterize the carboxylation of carbon nanotubes have different
capabilities and limitations [15]. The surface charge of the carbon nanotubes can be measured
with a zeta potential analyzer, which subjects a nanoparticle suspension to an electric field and
monitors the resultant particle motion with laser scattering. The method can only detect
significant changes in surface charge [12], and has not been used successfully to distinguish
subtle differences in changes of the degree of carboxylation. Spectroscopy techniques like Xray photoelectron spectroscopy, infrared spectroscopy and Raman spectroscopy can be used
for qualitative characterization of carbon nanotube carboxylation if sample sizes up to 5 mg are
44

available [15]. X-ray photoelectron spectroscopy has been used to obtain the percent
composition of functional groups (Cπ-π*, C-C/C-H, C=O, O-C-O, COOH) by deconvolution of
the 284.5 to 290.8 eV binding energy region; however, the percent composition of carbonyl
group cannot be determined unambiguously. The carboxylic acid composition changed by 5%
for the same data depending on the peak fitting parameters used for the deconvolution [15].
Indirect and direct pH titration of carbon nanotube analyses require times as long as 72 hours
[16] and up to 1.5 g of sample [17]. These and other concerns about unmet needs for
nanoparticle characterization have led to a call for new methods [18].

Classical affinity capillary electrophoresis is an analytical method that can be used to evaluate
the carboxylation of carbon nanotubes. The receptor is injected and separated in a capillary
containing ligand. The migration time of the receptor depends on the time that the receptor is in
the free versus bound state during the separation and the amount of complex formed is dictated
by both the ligand concentration and the binding constant. The change in the apparent mobility
of receptor is monitored at different ligand concentrations to calculate the dissociation constant.
A number of receptor-ligand systems involve a change in the charge-to-size ratio upon binding
and the approach has been widely applied to molecular interactions [19-23].

Measurements of

mobility shift with affinity capillary electrophoresis have been successfully applied to some
nanoparticles [24, 25], but it has not successfully been applied to measurements of carbon
nanotube binding interactions. This is significant because previous reports to quantify the
dissociation constants of carbon nanotube:biomolecule systems are limited to the analyses of
single walled carbon nanotubes and DNA with an isochronal assay [26], multi-walled carbon
nanotubes and surfactant with photoluminescent shifting assay [27], and multi-walled carbon
nanotubes and wheat agglutinin protein with UV absorbance of the free protein at 280 nm [28].
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A classical affinity electrophoresis approach is presented that uses a peptide as a probe to
produce a measurable change in the charge-to-size ratio of carboxylated carbon nanotubes
upon forming a complex. This peptide, amidated
tryptophylarginyltryptophyltryptophyltryptophyltryptophan (WRWWWW), is selected based on
prior studies that demonstrated the role of tryptophan and arginine in strong π-π [29, 30] and
electrostatic interactions [31], respectively. Moreover, the degree of carboxylation on carbon
nanotubes can be differentiated using the peptide probe. Advantages of affinity capillary
electrophoresis include the low consumption of the peptide receptor and the ability to perform
the measurements with a range of ligands without consideration of issues associated with ligand
detection. Affinity capillary electrophoresis measurements of biomolecule-carbon nanotube
affinity are feasible if the biomolecule is injected into a background electrolyte containing the
carbon nanotube ligand. This also overcomes issues related to the slow mobility of
functionalized carbon nanotubes, as well as the cost given that carbon nanotubes are less
expensive ($0.16 per mg) [32] than the peptide receptor ($67 per mg) [33].

This is the first report of the implementation of affinity capillary electrophoresis to evaluate the
degree of carbon nanotube functionalization with carboxylic acids. The approach is evaluated
and the precision of the method is established using commercially available carboxylated multiwalled carbon nanotubes. The effect of acid treatment is quantified using affinity capillary
electrophoresis to relate the dissociation constants with the time of acid exposure. Whereas the
affinity capillary electrophoresis method produces statistically different dissociation constants,
no significant difference is detected using classical zeta potential measurements or X-ray
photoelectron spectroscopy.

2.1. MATERIALS AND METHODS
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2.1.1. Chemicals and Reagents

Carbon nanotubes from NanoLab Inc (Waltham, MA) included precarboxylated multi-walled
carbon nanotubes (PD15L1-5-COOH) with an outer diameter of 15 ± 5 nm and a length of 1- 5
µm, and multi-walled carbon nanotubes (PD15L5-20) with an outer diameter of 15 ± 5 nm and a
length of 5 - 20 µm. Precarboxylated multi-walled carbon nanotubes (US4358) with an outer
diameter of 10 - 20 nm and a length 0.5 - 2 µm were from US Research Nanomaterial, Inc (USNano, Houston, TX). Methanol, 3-N-morpholinopropane-1-sulfonic acid (MOPS), sodium
hydroxide and mesityl oxide were from Sigma-Aldrich Corp. (St. Louis, MO). MOPS (25 mM)
was prepared in deionized water obtained from an Elga Purelab ultra water system (Lowell,
MA), and the pH adjusted to 7 using sodium hydroxide. Acid treatment was accomplished with
95% sulfuric acid purchased from J.T. Baker (Center Valley, PA) and 69% nitric acid purchased
from GFS Chemicals (Columbus, OH). The amidated peptide WRWWWW-NH2 was purchased
from BaChem (Torrance, CA).

2.1.2. Capillary Electrophoresis

Analyses were completed using a P/ACE MDQ instrument (SCIEX, Redwood City, CA) with a
photodiode array. A 25 μm inner diameter and 360 μm outer diameter bare fused silica capillary
(Polymicro Technologies, Phoenix, AZ) with an effective length of 20.0 cm and a total length of
30.2 cm was used for all analyses. Before analysis the capillary was flushed daily with 1 M
NaOH for 30 min at 138 kPa (20 psi), deionized water for 15 min at 138 kPa (20 psi), methanol
for 15 min at 138 kPa (20 psi), and deionized water for 15 min at 138 kPa (20 psi). Prior to each
electrophoretic separation, the capillary was flushed with 1 M NaOH for 2 min at 138 kPa (20
psi), deionized water for 1 min at 138 kPa (20 psi), and background electrolyte for 2 min at 172
kPa (25 psi), which contained carbon nanotubes at different concentrations ranging from 0 to 50
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mg/L diluted in 25 mM MOPS with the pH to adjusted 7.0. The anodic and cathodic reservoirs
contained the same background electrolyte used to fill the capillary. The WRWWWW peptide
and mesityl oxide were diluted in 25 mM MOPS buffer to a final concentration of 25 µM and 220
µM, respectively. The peptide and mesityl oxide sample was injected at 10 kV for 5 seconds.
All separations were at an applied voltage of 10 kV (E = 333 V cm-1) using normal polarity. The
32 Karat Software version 5.0 (Beckman Coulter) was used for data collection and analyses.
Binding curves were obtained using Graphpad Prism Version 4.0 (Graphpad Software, San
Diego, CA) curve-fitting software for nonlinear regression.

2.1.3. Sample Preparation

All carbon nanotube stock suspensions were prepared from dried powder that was weighed and
suspended in deionized water to a concentration of either 0.5 g/L (acid treated in-house) or 1
g/L (acid treated by the manufacturer) and sonicated in an ice bath for 5 min then stored at 4 °C.
As a note, maintaining the sonic bath at 0 ºC with a nominal amount of ice during the sonication
will improve the quality of the dispersion and decrease perturbations in the baseline during the
separation. The carbon nanotubes were supplied in a range of length; therefore, the
concentration of the polydisperse mixture was not converted into molarity. The distribution of
carbon nanotube length was circumvented in this paper by using concentration units of mass
per volume, which is a convention used in papers reporting the results of exposure experiments
[12, 13, 34-36]. For capillary electrophoresis analyses, the carbon nanotubes were diluted daily
in 25 mM MOPS to make stocks ranging from 20 to 50 mg/L and sonicated in an ice bath for 5
min. This stock was then diluted in 25 mM MOPS to the concentrations required for
experiments. The total mass of carbon nanotube used for each analysis is less than 0.2 mg.
Each sample was individually sonicated for 1 min in an ice bath. Although carboxylation of the
carbon nanotubes improved the dispersion in deionized water, poorly dispersed carbon
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nanotubes produced random spikes during separation. Samples that produced these spikes
were sonicated an additional minute and the separation was repeated.

2.1.4. Acid Treatment

Multi-walled carbon nanotubes from NanoLab Inc (PD15L5-20, research grade) were exposed
to a mixture of sulfuric and nitric acid at 3:1 (v/v) ratio. The carbon nanotube powder was
combined with the acid mixture to a concentration of 1 mg carbon nanotube powder per 5 mL
acid, and sonicated with a Branson (Danbury, CT), model 2800, 40 KHz sonicator for the
specified time. Ice was added as needed to maintain the temperature of the water in the
sonicator bath to a range of 20 to 25 °C. Following sonication, the mixture of the carbon
nanotubes and acid was diluted with water and filtered using a 0.2 µm polycarbonate filter
(Whatman TrackEtch membrane filter part # 111106, GE Healthcare Bio-Sciences, Pittsburgh,
PA). The carbon nanotubes were rinsed, covered, and allowed to dry on the filter under
vacuum. The resulting pellet was rinsed from the filter into a secondary container with methanol
in a fume hood. The carbon nanotubes were covered and allowed to dry in a fume hood before
being weighed for analysis.

2.1.5. Dynamic Light Scattering

Measurements were done with a Zetasizer Nano ZS90 and analyzed using Zetasizer software
version 7.11 (Malvern Instrument, Worcesterhire, UK). Dynamic light scattering quantifies the
hydrodynamic radius of spherical particles in solution based on Brownian motion of the
particles. Cells (part# 9014, Perfector Scientific, Atacadero, CA) were prepared by rinsing with 3
mL methanol, 3 mL water and 3 mL 25 mM MOPS buffer. Each measurement generated a
single value calculated from 3 replicate measurements, which were in turn repeated 3 times for
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a total of 9 readings on a single sample loaded into the cell. Data are reported as the mean and
standard deviation of these 9 readings. The method was applied to control solutions of MOPS
buffer as well as a control of peptide in MOPS buffer. Preparations of carbon nanotubes were
analyzed both in the absence and presence of peptide to establish the effect of the peptide on
size. In both cases the carbon nanotube concentration successively increased by returning the
1.5-mL solution in the cell to a centrifuge tube, spiking the solution with carbon nanotube from a
1 g/L master stock, mixing the preparation with a vortex mixer, and sonicating it for 1-min before
returning it to the cell and continuing the measurements. Carbon nanotubes were spiked using
an appropriate volume (i.e. 2.3, 5.3, 24.7 µL) from a standard 1 g/L solution prepared by dilution
of powder carbon nanotubes into water. The final carbon nanotube concentrations were 1.5,
5.0 and 20 mg/L. In the case of carbon nanotube measurements made in the absence of
peptide, the cell was filled with MOPS buffer, measured, spiked with carbon nanotube, mixed,
sonicated, and measured. This process was repeated until the highest concentration of carbon
nanotube had been achieved. For the experiments monitoring the effect of the peptide on
nanotube size, a solution of 25 µM peptide in MOPS was monitored and then successively
spiked, mixed, sonicated and measured, adding more carbon nanotubes into the cell until the
highest carbon nanotube concentration had been achieved.

2.1.6. Zeta Potential Measurements

Measurements were done with a Zetasizer Nano ZS90 and analyzed using Zetasizer software
version 7.11 (Malvern Instruments, Worcestershire, UK). Determination of zeta potential is
based on first principles so the instrument cannot be calibrated; however, correct operation of
this instrument is verified using NIST Standard Reference Material 1980 prior to use. The cells
(DTS1070, Malvern Instruments) were prepared by rinsing with 1 mL of methanol, 2 mL of
deionized water and 2 mL of 25 mM MOPS. The carbon nanotube samples were prepared by
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diluting stocks to a final concentration of 5 mg/L in 25 mM MOPS and sonicated in an ice bath
for 1 min. The cells were filled with carbon nanotube samples. A single value was obtained
from 10 replicate measurements, which were in turn repeated 10 times for a total of 100
readings on a single sample loaded into the cell. Repeatability was 2% RSD both within three
aliquots of a single preparation of precarboxylated carbon nanotube and across three
independent preparations of pre-carboxylated carbon nanotube. All other samples were
measured with a single aliquot for a single analysis.

2.1.7. X-ray Photoelectron Spectroscopy

Measurements were completed through Rocky Mountain Laboratories (Golden, CO). Samples
were prepared by diluting the carbon nanotube samples in HPLC grade methanol and placing
sample onto a piece of Mica used for sample mounting. A full X-ray photoelectron spectroscopy
survey spectrum and X-ray photoelectron spectroscopy high resolution spectrum of the carbon
1s region were provided and analyzed for the mica substrate, two pre-carboxylated carbon
nanotubes samples (PD15L1-5-COOH and US4358) and five carbon nanotube samples subject
to acid oxidation. Deconvolution of the carbon 1s region was performed by CasaXPS software
version 2.3.16 software.

2.1.8. Safety Considerations

Due to the potential toxicity of respirable carbon nanotubes safe handling was required when
working with dried powder [37]. Appropriate personal protective equipment included gloves, a
lab coat, and a respirator mask certified to handle a particulate size of 100 nm (NIOSH P100).
The dry carbon nanotubes were only handled in a fume hood. The weight of an empty sample
vial and cap was obtained outside of the hood, transported to the hood, filled with dry carbon
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nanotube, closed, the exterior surfaces cleaned, and weighed outside of the hood. Once a
mass of approximately 2 mg was weighed, the sample vial was then placed back in the fume
hood, opened, and diluted in water. The fume hood and any items inside of it were wiped with a
damp cloth after use. Once the dry powder was suspended in water it could be safely handled
outside of the hood. The error for this weighing technique was ± 0.2 mg determined by
weighing, taring and reweighing a vial three times.

2.2. RESULTS AND DISCUSSION

2.2.1. Interaction of WRWWWW with Multi-walled Carbon Nanotubes

The peptide interacts with the carboxylated carbon nanotubes based on the affinity of
tryptophan for the carbon nanotube through π-π stacking, as well as the electrostatic interaction
between the terminal amine and arginine side chain with the carboxylic acid functional groups.
Affinity capillary electrophoresis was easily implemented because the peptide and carbon
nanotube form a complex that was detected at 214 or 254 nm and resulted in a measurable
change in the charge-to-size ratio. The peptide-carbon nanotube complex, which appeared
when peptide and nanotubes were combined, produced a sharp peak, which allowed for
detection of the complex so that the migration time could be measured at various concentrations
(Figure 2-1).
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Figure 2-1: Schematic of Affinity Capillary Electrophoresis for Carbon Nanotubes

Figure 2-1: Schematic of Affinity Capillary Electrophoresis with carbon nanotubes (A) Migration
of WRWWWW model peptide in increasing concentrations of carbon nanotubes in the running
buffer. (B) Formation of complex with WRWWWW peptide with multiple multi-walled carbon
nanotubes. (C) Detection of WRWWWW peptide and peptide carbon nanotube complex at 0
mg/L (µfree), 5 mg/L (µmid) and 20 mg/L (µmax) carbon nanotubes. Figure reproduced from [1]

Others have observed sharp carbon nanotube peaks in capillary electrophoresis separations
and different mechanisms have been postulated including alignment [38] and stacking [39].

A

plausible explanation for the sharp peaks obtained by injecting peptide into a background
electrolyte composed of multi-walled carbon nanotubes is that the peptide-carbon nanotube
complex increases in size, scattering the incident UV light provided by the absorbance
detection. Dynamic light scattering was used to evaluate the size of the carbon nanotube
preparation in the absence and presence of peptide. Dynamic light scattering measurements of
carbon nanotubes are considered qualitative because the aspherical shape of these
nanomaterials cannot be modeled using the Stokes-Einstein relationship, and sizes of
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approximately 200 nm are observed [40-43] in spite of the fact that these nanomaterials
generally have an outer diameter of 15 nm and a length up to 5 m.

Dynamic light scattering was used to shed light on how the ratio of peptide and carbon
nanotube impacts the complex. Three different ratios of peptide:carbon nanotube (i.e. 28:1.5,
28:5, and 28:20 mg/L) were studied to estimate the effects of excess or limiting peptide. The
data obtained using NanoLabs precarboxylated multi-walled carbon nanotubes (15 ± 5 nm o.d.,
1-5 µm length), shown in Figure 2-2 and Table 2-1, revealed that the observed size of the multiwalled carbon nanotube increased in the presence of peptide. In the absence of peptide the
observed size is 200 ± 90 nm. When the peptide:carbon nanotube ratio is adjusted to 28:1.5
mg/L, the observed size is 1000 ± 200 nm, which can be attributed to the formation of a larger
agglomerate (see Figure 2-2 A). Upon increasing the peptide:carbon nanotube ratio to 28:5
mg/L, two distinct size populations were observed. The larger size associated with the complex
was 800 ± 300 nm at time 0, but increased to 1600 ± 400 nm after 30 min (see Figures 2-2 B
and Figure B-1 in Appendix B). A second peak of 190 ± 40 nm was simultaneously observed.
The smaller peak was attributed to non-complexed carbon nanotube based on measurements in
the absence of peptide. This peak is attributed to depletion of the peptide due to sedimentation
of complex. This effect is exacerbated at even higher concentrations of carbon nanotubes, and
is visually observed over longer periods of time (see Figure B-2 in the Appendix B). The
observed size is 200 ± 100 nm when the peptide:carbon nanotube ratio is adjusted to 28:20
mg/L (see Figure 2-2 C).
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Figure 2-2: Dynamic Light Scattering Measurements of the Carbon Nanotube-Peptide
Complex

Figure 2-2: Plots of the relative intensity for peptide-carbon nanotubes size measured with
dynamic light scattering. Measurements done with NanoLab precarboxylated carbon nanotubes
(15± 5nm OD, 1 – 5 µm length) and 25 µM WRWWWW peptide at peptide: carbon nanotubes
ratios of (A) 28:1.5 mg/L, (B) 28:5 mg/L and (C) 28:20 mg/L. The other traces are control runs
containing carbon nanotube only. Data is plotted from a single DLS measurement. Figure
reproduced from [1].
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Table 2-1: Dynamic Light Scattering Measurements of the Carbon Nanotube-Peptide
Complex
Carbon
Nanotube,
mg/L

With 25 µM Peptide

Without Peptide

Peak 1, Size
(nm)

Standard
Deviation

Peak 1, Size
(nm)

Standard
Deviation

1.5
1.5
1.5

Measurement 1
Measurement 2
Measurement 3
Average

800
1200
1000
1000

100
100
300
200

180
180
200
190

50
60
100
70

5.0
5.0
5.0

Measurement 1
Measurement 2
Measurement 3
Average

800
800
800
800

300
200
400
300

200
200
200
200

100
100
100
100

20.0
20.0
20.0

Measurement 1
Measurement 2
Measurement 3
Average

200
200
200
200

100
100
100
100

200
200
200
200

100
100
100
100

Average 200

90

1

Measurements and standard deviations are obtained from n = 3 runs. Reported error is
propagated from the standard deviation associated with each measurement using WRWWWW
peptide and carboxylated NanoLab multi-walled carbon nanotubes

Table reproduced from [1].

2.2.2. Affinity Capillary Electrophoresis of Multi-walled Carbon Nanotubes

Classical affinity capillary electrophoresis was used to rapidly quantify the binding of receptor to
ligand in-capillary. The peptide receptor was bound to the carbon nanotubes in background
electrolyte and the migration of the peptide-carbon nanotube receptor-ligand complex was
measured. This method of affinity capillary electrophoresis required accurate measurements of
migration time but not peak area. As the concentration of carbon nanotubes was increased, the
complex size and migration time increased until migration shift reached the maximum binding
because the peptide was saturated with nanotubes. The measurement of migration was
repeated using different carbon nanotube concentrations. Changes in the receptor migration
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were directly correlated to the concentration of the ligand dissolved in the capillary
electrophoresis background electrolyte. Figure 2-1 depicts a schematic of affinity capillary
electrophoresis used to assess peptide-carbon nanotube binding. For analysis, the peptide was
injected at a fixed concentration (25 μM) and migrated in background electrolyte containing
carbon nanotubes (Figure 2-1A). The WRWWWW peptide interacted with the carbon nanotube
suspension as it migrated through the capillary (Figure 2-1B).

2.2.3. Translating Electrophoretic Mobility into Affinity

The migration shift of the bound peptide reflected the fractional time the peptide was in the free
or bound form. The observed mobility of the peptide, μmid, which is a function of the dynamic
interaction of the peptide with the carbon nanotube in the background electrolyte, was
measured with affinity capillary electrophoresis at a particular carbon nanotube concentration as
described by equation 1,[19, 24, 25, 44]

μmid = f1•μmax + f2•μfree

where f1 is the fraction of bound peptide and μmax is the mobility of the peptide at binding
saturation (Figure 2-3, 20 mg/L trace). The fraction of the peptide that is free or unbound is f 2
and μfree is the mobility of the peptide in the absence of carbon nanotube (Figure 2-3, 0 mg/L).
The sum of these two fractions equals one (1 = f1 + f2), allowing the equation to be rearranged
and simplified to:

f1 =  = (μmid – μfree)/(μmax – μfree)
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The fastest migration of the cationic peptide, achieved at a mobility of μfree, was obtained in the
absence of carbon nanotubes in the background electrolyte (Figure 2-3, 0 mg/L trace) and the
fraction bound was zero. The slowest migration time of the cationic peptide was observed at
μmax, because the injected peptide was fully complexed and the fraction bound was 1. At all
other carbon nanotube concentrations, the fraction of time the peptide existed in the bound state
was in between 0 and 1. For those concentrations, the migration time increased as the carbon
nanotube concentration increased in the background electrolyte. A stepwise calculation of
fractional binding from migration time and the subsequent error propagation is described and
summarized in Table A-1 in the Appendix A.
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Figure 2-3: Electropherograms of Peptide and Precarboxylated Multi-walled Carbon
Nanotubes

Figure 2-3: Electropherograms of 25 µM WRWWWW and NanoLab precarboxylated multiwalled carbon nanotubes used for affinity analyses. Detection of WRWWWW in 0 mg/L and 0.5
mg/L at 214 nm and detection of 220 µM mesityl oxide electroosmotic flow marker and
WRWWWW in 0.5, 1.0, 1.5, 2.5, 5.0, 10, 20 mg/L [CNT] at 254 nm. All runs performed with E =
333 V cm-1 in 25 mM MOPS. Figure reproduced from [1].

2.2.4. Calculating the KD from Shifts in Electrophoretic Migration Time

The dissociation constant, KD, of the peptide-nanotube complex was calculated using the Hill
equation, assuming that the binding interaction between ligand and receptor is homogeneous
and that complex formation occurs without an intermediate state or with a short-lived
intermediate. With the Hill equation, the KD, as determined by evaluating the fraction, , of
peptide that is bound to carbon nanotubes, is measured at a specified amount of carbon
nanotube,
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𝛳=

[𝐶𝑁𝑇]𝑛
𝐾𝐷 𝑛 +[𝐶𝑁𝑇]𝑛

where n is the cooperativity of the binding interaction. In some systems, the value of n is an
indicator of cooperativity where the binding of other ligands is enhanced (n > 1), decreased (n <
1), or unaffected (n = 1) by the presence of other ligands. For the peptide-carbon nanotube
studies, the results of nonlinear regression revealed enhanced cooperativity, although
conclusions were not made based on these values [45]. The concentration of carbon
nanotubes, [CNT], must be defined in units of mass of carbon nanotubes per volume rather than
molarity. This is because the density of carboxylic acid functionalization drives the peptidecarbon nanotube interaction. The units used to describe the amount of carbon nanotube effect
the units generated for the KD calculation. The value reported for the carbon nanotube analyses
is the apparent KD in units of mass of carbon nanotubes per volume (mg/L). The fractional
binding is plotted as shown in Figure 2-4 with the concentration of carbon nanotubes as the xaxis and the fraction bound on the y-axis. The data were then evaluated using commercial
software to find the best fit to the Hill equation (i.e., equation 3) using nonlinear regression to
solve for KD and n.
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Figure 2-4: Binding curve for Peptide and Precarboxylated Multi-walled Carbon
Nanotubes

Figure 2-4: Binding curve for WRWWWW and NanoLab precarboxylated multi-walled carbon
nanotubes. The dissociation constant is derived from the nonlinear fit of an individual curve
using 25 µM WRWWWW and increasing concentration of carbon nanotubes. Figure reproduced
from [1].

2.2.5. Criteria for KD Determinations

The affinity measurements were derived with guidelines regarding ligand depletion and nonlinear curve fitting to ensure that the error in the mobility shift analyses was reasonable and that
the nonlinear fit was appropriate. Ligand depletion is an important consideration for KD
measurements. The assumption that the injected receptor concentration is significantly lower
than the ligand concentration in the capillary must be validated otherwise the measured value of
KD will be too high as a consequence of ligand depletion [46].

This was verified by measuring

KD with a wide range of peptide receptor (see Table 2-2). A peptide concentration of 25 µM or
less was deemed sufficient to avoid depletion of the carbon nanotube concentration used in the
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background electrolyte. Variations in either the composition and purity of different lots of
commercially sourced peptide may generate bias in the KD measurements.

Table 2-2: Effect of Peptide Concentration on Dissociation
Constant
WRWWWW (µM)

KD (mg/L)

7 µM

1.2 ± 0.2

15 µM

1.1 ± 0.1

25 µM

1.5 ± 0.2

50 µM

3.5 ± 0.2

100 µM

3.8 ± 0.1

Data obtained from non-linear curves fit using the equations
shown in Figure 2-4 of the text using WRWWWW peptide
carboxylated NanoLab multi-walled carbon nanotube, 15 ± 5
nm OD, 1 - 5 μm length, individual curve fitting performed
with 0, 0.75, 1.25, 2.5, 5.0, 10, 20, 50 mg/L [CNT] at E = 333
V/cm in 25 mM 3-morpholinopropane-1-sulfonic acid
analyzed with GraphPad, error is standard deviation of the
non-linear regression (n = 1 curve)

Table reproduced from [1]

Parameters for curve-fitting centered on the range of measurements, the precision in calculation
of fractional binding, and the correlation of the non-linear fit. The distribution of the fractional
binding was selected to evenly span the full range of the binding curve. Each curve had a
minimum of six carbon nanotube concentrations with two points required to establish binding
saturation, a single point before and after the curve inflection, a single point at or around the
center of the linear region of the curve, and a single point at the lower end of the curve. The
single point at the lower end of the curve was rejected if the relative standard deviation of the
fraction bound was greater than 30%, as calculated from the systematic error in the
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measurement. This occurred if the migration shift was too small to maintain 2 significant figures
when deriving μmid – μfree. An example of an acceptable peak shift is found in Figure 2-3 in the
0.5 mg/L carbon nanotube trace obtained at 214 nm. A stepwise calculation for these data can
be found in the Appendix A. Fitted curves with a correlation coefficient below 0.96 were also
rejected.

2.2.6. Repeatability of Migration Shift Assays of the Same Carbon Nanotube Suspension

In order to obtain accurate KD values the migration shift analyses must be reproducible within a
sample preparation. To establish reproducibility of the affinity capillary electrophoresis binding
method with the curve fitting criteria, replicate measurements of a commercial carbon nanotube
sample were performed. Carbon nanotubes had the potential to settle out of solution. If this
occurred, then the true concentration of serial dilutions would be unknown. To ensure that this
had not occurred, reproducibility was tested using a single set of carbon nanotube
concentrations made by dilution from a common 20 mg/L master stock into 25 mM MOPS
buffer. For each KD determination, all dilutions were made from the master stock at the same
time and the peptide migration was analyzed sequentially from the lowest to highest carbon
nanotube preparations. This analysis of the diluted carbon nanotube samples was repeated
twice for a total of 3 analyses to generate three binding curves and three dissociation constants:
KD1 = 1.4 ± 0.3 mg/L, KD2 = 1.2 ± 0.2 mg/L, and KD3 = 1.1 ± 0.2 mg/L (see Figure 2-5). The
average of the three dissociation constants is 1.2 ± 0.2 mg/L (20% RSD), which was acceptable
due to the carbon nanotube heterogeneity, for which a 33% RSD in outer diameter (15 ± 5 nm)
is reported by the manufacturer. As stated previously, the apparent KD measurements are
reported in units of mass of carbon nanotubes per volume (mg/L); however, an approximation
for concentration (µM) of carboxylic acid functional groups can be made using the concentration
of functional groups reported by the manufacturer (i.e. 2 to 7 % w/w). Estimating the
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functionalization at 0.05 mg carboxylic acid functionalization per 1 mg of multi-walled carbon
nanotube and using a molecular weight of 44 g per mole carboxylic acid functionalization, the KD
is approximately 1.4 ± 0.3 µM carboxylic acid functionalization. These results indicated that the
single samples were stable for a minimum of three binding curve analyses and the KD values
were reproducible within a single set of carbon nanotube concentrations. Affinity capillary
electrophoresis is a suitable method to quantify weak affinity interactions (i.e. M to mM) such
as that observed for multi-walled carbon nanotubes and peptide.
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Figure 2-5: Electropherograms and Resulting GraphPad Fitted for Within Single Sample
Preparation Analysis
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Figure 2-5: Electropherograms (A to C) and resulting GraphPad fitted curves (D) obtained using
3 replicates of a carbon nanotube preparation made from a single powder stock. Each curve is
performed with 7 different concentrations of carbon nanotubes for a total of 8 independent
experiments to estimate the solution stability. Figure reproduced from [1].
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2.2.7. Effect of Separation Conditions on KD

The separation temperature and buffer composition were additional factors that were
considered for the affinity measurements. Temperature, which is dependent upon the thermal
regulation of the instrument, can influence KD measurements. While a major portion of the
separation capillary is housed in a liquid bath that is thermally regulated, the detection window
as well as approximately 4.5 cm of each end of the capillary are exposed to the ambient
temperature and are not thermally controlled. Previous reports have demonstrated that these
non-cooled regions can have an actual temperature as much as 15 ºC higher than that of the
thermostated region [47]. These differences in temperature were also shown to result in
systematic errors in affinity measurements [48]. The separations were performed using an
effective capillary length of 20 cm with the separation capillary thermostated at 25 ºC. Affinity
electrophoresis was performed using separations thermostated as 20 ºC, 25 ºC, and 30 ºC and
KD values were determined at each temperature (see Table 2-3). The KD value obtained at
each temperature was not significantly different from the average KD value obtained from
repeatability studies of the same carbon nanotube suspension (i.e. 1.2 ± 0.2 mg/L) as
determined using a one-way ANOVA followed by a Tukey test post analysis with Graphpad
software. The thermal regulation provided by the instrument were deemed sufficient for these
studies.
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Table 2-3: Effect of Temperature and Buffer Composition on Dissociation Constant
Dissociation Constant (mg/L)
25 mM Buffer
MOPSa

20 ºC
1.1 ± 0.2

25 ºC
1.3 ± 0.2

30 ºC
1.4 ± 0.2

sodium phosphateb

-

1.0 ± 0.3

-

a

Data obtained from non-linear curves fit using the equations shown in Figure 2-4 of the
text using 25 µM WRWWWW peptide carboxylated NanoLab multi-walled carbon
nanotube, 15 ± 5 nm OD, 1 - 5 μm length, individual curve fitting performed with 0, 1.0, 1.5,
2.5, 5.0, 10, 20, 50 mg/L [CNT] at E = 333 V/cm in pH 7 buffer a Data analyzed with
GraphPad, error is propagated from the standard deviation of the non-linear regression (n
= 3 curves). Data is compared with one-way ANOVA and is not significantly different, p >
0.05. Current in 25 mM MOPS (3-morpholinopropane-1-sulfonic acid) was 0.8 µA
b
Data analyzed with GraphPad, error is the standard deviation of the non-linear
regression (n = 1 curve). Current in 25 mM sodium phosphate (monobasic) was 4.1 µA

Table reproduced from [1].

The KD measurements were performed using 25 mM MOPS buffered to pH 7 as the background
electrolyte because it generated a low separation current (i.e. 0.8 A with an applied voltage of
10 kV), which in turn minimized the potential for Joule heating. Low ionic strength background
electrolytes are also advantageous as carboxylated multi-walled carbon nanotubes aggregate in
higher ionic strength solutions [40]. Other background electrolytes may be utilized. For
example, a background electrolyte composed of 25 mM sodium phosphate buffered to pH of 7
generated a higher current (i.e. 4.6 A with an applied voltage of 10 kV) and a KD, that was 30%
lower than that obtained with 25 mM MOPS at the same temperature (see Table 2-3). The role
of buffer composition may be delineated with extended studies in the future; however, all
measurements of KD were conducted using 25 μM WRWWWW peptide at 25 ºC in order that
relative differences in the KD values of different multi-walled carbon nanotube preparations
could be compared.

2.2.8. Reproducibility of KD Determination of the Same Carbon Nanotube Powder Stock
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To determine the reproducibility of preparing the carbon nanotubes from dry powder stock, the
sample preparations were weighed, suspended, diluted and the peptide migration analyzed
sequentially from the lowest to highest carbon nanotube concentration. The analyses of the
diluted carbon nanotube samples were repeated twice to generate three binding curves and
three dissociation constants for each sample made fresh from dry powder. Determinations were
repeated for two additional dry powder stocks. A total of three carbon nanotube powders were
analyzed in triplicate for a total of 9 KD determinations. For each carbon nanotube stock three
dissociation constants were determined from three independent binding curves and averaged
into a single dissociation constant. A comparison of these dissociation constants, which was
done using a one-way ANOVA followed by a Tukey test post analysis with Graphpad software,
showed no significant difference from stock to stock. The KD from each stock was averaged to
yield an across sample KD of 1.1 ± 0.2 (20% RSD). The data were summarized in Table 2-4
and Figure 2-6 in the Supporting Information. The sample preparations of carbon nanotubes
were consistent across powder and the affinity capillary electrophoresis method showed a high
level of reproducibility for measuring dissociation constants.
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Table 2-4: Dissociation Constant values for Three Powder
Stock. Preparations (h = 3 powder stocks, n = 9 curves)
Dried Powder
Stock1

KD
(mg/L)2

Zeta Potential
(mV)3

1
2
3

1.2 ± 0.2
0.9 ± 0.2
1.1 ± 0.2

-42 ± 1
-43 ± 1
-43 ± 1

Average2

1.1 ± 0.2 (20%)

-43 ± 1

1

n = 3 individual curves, which were fit using the equations
shown in Figure 2-4 of the text, performed with 0, 0.5, 1.0,
1.5, 2.5, 5.0, 10, 20 mg/L [CNT] at E = 333 V/cm in 25 mM
MOPS with a single preparation
2
Data are the average and error is propagated from curve
fitting of three dried powder stocks (n = 9 curve fittings) using
25 μM WRWWWW peptide NanoLab carbon nanotubes, (2 –
7 wt % COOH, 15 ± 5 nm o.d., 1 -5 μm long).
3
Data collected from single 5 mg/L carbon nanotube sample
Table reproduced from [1].
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Figure 2-6: Dissociation Constant Curves for Three Powder Stock
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Figure 2-6: Contains binding curves from replicate analysis from three independent dried
powder stocks of NanoLab carbon nanotubes, (NanoLab precarboxylated multi-walled carbon
nanotubes, 2 – 7 wt % COOH, 15 ± 5 nm o.d., 1 -5 μm long). All data points are an average of
triplicate analyses of the diluted stocks with error bars representing the standard deviation of the
average. Figure reproduced from [1].

2.2.9. Application of Affinity Capillary Electrophoresis to Carbon Nanotubes from Different
Sources
The affinity capillary electrophoresis method was applied to compare carboxylated carbon
nanotube preparations across manufacturers. Information about manufactured carboxylated
carbon nanotubes was limited to the average length and diameter of the carbon nanotubes and
either a value for the percent carboxylation or a range of percent carboxylation. Affinity capillary
electrophoresis was used to evaluate the amount of carboxylation of carbon nanotubes of similar
length and diameter from two different manufacturers (see Table 2-5). The affinity capillary
70

electrophoresis measurements were compared to standard zeta potential and X-ray
photoelectron spectroscopy analyses. The X-ray photoelectron spectroscopy results obtained by
deconvolution (see Figures 2-7 and 2-8 in the Supporting Information) were in agreement with
the specifications reported by the vendor. Like the X-ray photoelectron spectroscopy data, the
KD values obtained using affinity capillary electrophoresis for the NanoLab (KD = 1.2 ± 0.2 mg/L)
and US-Nano (KD = 3.9 ± 0.9 mg/L) multi-walled carbon nanotubes revealed that the degree of
functionalization of these two materials was not the same. Zeta potential measurements showed
no significant difference as a function of surface charge. These results demonstrated that the
affinity capillary electrophoresis method provided more conclusive results compared to X-ray
photoelectron spectroscopy, but with simpler equipment and at a lower cost. The benefits of using
affinity capillary electrophoresis were investigated further with a wider range of carboxylated
carbon nanotube materials.

Table 2-5: Characterization of Precarboxylated Carbon Nanotubes
MWCNT

KD

Manufacturer

a

b

c

d

XPS

XPS

Zeta Potential

(mg/L)

(% Oxygen)

(% COOH)

(mV)

NanoLab

e

1.2 ± 0.2

12 ± 2

4.8

-39 ± 2

f

3.9 ± 0.9

7±1

1.5

US-Nano

-38 ± 1

a

dissociation constant (KD) error based on propagation from three curve fittings using 25 μM
WRWWWW peptide
b
c

X-ray photoelectron spectroscopy (XPS) error estimated as 15% from manufactures specification

error from deconvolution cannot be estimated

d

error based on propagation from 10 measurements with a single 5 mg/L carbon nanotube sample

e

precarboxylated carbon nanotubes from NanoLab, 15 ± 5 nm OD, 1 -5 μm length

f

precarboxylated carbon nanotubes from US Research Nanomaterial carbon nanotube 10 - 20 nm
OD, 0.5 - 2 µm length
Table reproduced from [1].
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Figure 2-7: Deconvoluted Peak Fitting for Carbon Region for NanoLab Precarboxylated
Carbon Nanotubes in X-ray Photoelectron Spectroscopy

Figure 2-7: Deconvolution and peak fitting of the carbon 1s region for NanoLab precarboxylated
multi-walled carbon nanotubes in X-ray photoelectron spectroscopy. Figure reproduced from [1].
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Figure 2-8: Deconvoluted Peak Fitting for Carbon Region for US-Nano Precarboxylated
Carbon Nanotubes in X-ray Photoelectron Spectroscopy

Figure 2-8: Deconvolution and peak fitting for the carbon 1s region of US-Nano precarboxylated
multi-walled carbon nanotubes in X-ray photoelectron spectroscopy. Figure reproduced from [1].
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2.2.10. Application of Affinity Binding to a Set of Functionalized Carbon Nanotubes

A library of oxidized carbon nanotubes was created using acid treatment to carboxylate surface
defects and end caps on the carbon nanotubes. A standard protocol for oxidation was
developed (see section 2.1.4) considering different protocols reported in the literature [36, 4952] with varying acid treatments, oxidation duration, sonication, and temperature. The library
was based on the time of acid exposure under constant sonication for specified times.
Temperature was established as an important factor to the rate of oxidation (see Table A-2 in
the Appendix A) and was maintained between 20 and 25 ºC. The reproducibility of the oxidation
treatment was demonstrated with replicate measurements of three independent acid treatments
of carbon nanotubes at 2 hours, generating an RSD in KD of less than 13%.

The carbon nanotubes were evaluated using zeta potential, X-ray photoelectron spectroscopy
and affinity capillary electrophoresis. The zeta potential measurements for all acid-treated
samples, which ranged from -35 to -39 mV were not significantly different. The X-ray
photoelectron spectroscopy data obtained by deconvolution for the acid washed samples were
also inconclusive (see Figures A-4: A-F in the Appendix A). No predictable trend in the percent
carboxylation or total oxygen composition was detected by this method. It is noted that the
elemental analyses indicated that the carbon nanotube sample subject to acidification for 45
minutes (NL-15-0.75H) had trace levels of elemental nitrogen and sulfur, which may be
attributed to residual sulfuric and nitric acid from the acid treatment. Additionally, the carbon
nanotube sample subject to acidification for 60 minutes (NL-15-1H) had elemental sulfur, but not
nitrogen, which may also be attributed to residual sulfuric acid from the acid treatment. These
inconsistencies in the results may reflect limitations of X-ray photoelectron spectroscopy for
materials with a degree of heterogeneity or may indicate that X-ray photoelectron spectroscopy
is better suited for samples that are subject to more rigorous cleaning.
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As an alternative approach, affinity capillary electrophoresis was used to quantify the effects of
acid treatment on pristine carbon nanotubes. Verification of carboxylated carbon nanotube
product was an important aspect to evaluate the quality of the starting material. Dissociation
constant data, summarized in Table 2-6, were collected for acid treated carbon nanotubes at
various time points. As the acid treatment time increased the dissociation constant decreased,
indicating higher binding affinity with the WRWWWW model peptide. Previous studies revealed
that longer acid treatment times led to a higher weight percent of carboxylation on the carbon
nanotube surface [36, 53, 54]. Therefore, the increase in binding of the WRWWWW model
peptide was attributed to the increase in the carboxylic acids on the carbon nanotube. The zeta
potential measurements for all acid-treated samples were not significantly different and ranged
from -35 to -39 mV. Both capillary electrophoresis separations and zeta potential were a
measure of the migration of analytes in an electric field as a function of the analyte charge and
size. However, with affinity capillary electrophoresis the measurement was enhanced through
the additional aromatic and electrostatic binding of the peptide to differentiate the degree of
carboxylation of treated carbon nanotubes. Small changes in the surface composition were
exploited by the binding of the peptide. This provided a new and simple method to compare
materials.
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Table 2-6: Characterization of Oxidized Carbon Nanotube Library
Acid Treatment
(hours)
3
2
1
0.75
0.5

a

KD
(mg/L)
1.3 ± 0.1
2.6 ± 0.3
3.8 ± 0.1
4.7 ± 0.8
8.3 ± 0.5

b

XPS
(% Oxygen)
4.9 ± 0.7
3.8 ± 0.6
8.0 ± 1.0e
5.3 ± 0.8e
3.6 ± 0.5

c

XPS
(% COOH)
2.3
2.1
1.0
1.4
1.6

d

Zeta Potential
(mV)
-42 ± 2
-45 ± 1
-44 ± 1
-42 ± 2
-43 ± 1

a

dissociation constant (KD) error based on propagation from three curve fittings using 25 μM
WRWWWW peptide
b
X-ray photoelectron spectroscopy (XPS) error estimated as 15% from manufacture specification
c
error from deconvolution cannot estimated
d
error based on propagation from 10 measurements with a single 5 mg/L carbon nanotube sample
e
increased % relative oxygen from potential sulfuric and nitric acid contamination

Table reproduced from [1].

2.3. CONCLUSIONS AND FUTURE DIRECTIONS.

Capillary electrophoresis was adapted to rapidly characterize the degree of carboxylation of
multi-walled carbon nanotubes. A polytryptophan peptide that contained a single arginine
residue bound to carbon nanotubes through aromatic as well as electrostatic interactions. The
dissociation constant was derived from the shift in electrophoretic mobility. The migration shift
increased as the concentration of carbon nanotube in the background electrolyte increased until
a maximum shift was observed. Six concentrations of carbon nanotubes were used to span the
full range of fractional binding. The method was reproducible when applied to stable
dispersions made from dry powders and was capable of distinguishing preparations of
functionalized carbon nanotubes that were subject to different acid treatment times. As
implemented in this application, capillary electrophoresis can differentiate carboxylation
substantially better than zeta potential or X-ray photoelectron spectroscopy.
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For routine characterization of nanomaterials, an automated capillary electrophoresis instrument
is easy to operate and can be considered a more accessible instrument than electron
microscopy methods that provide elemental information. While this report focusses on multiwalled carbon nanotubes, future efforts will expand the application of the method to single
walled carbon nanotubes, screening of other peptide sequences through competitive binding
experiments, and evaluation of other functional groups.
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3.0. INTRODUCTION

Biosensors are valued in the billions of USD [2] and are dependent upon biomolecular
recognition facilitated with protein receptors or enzymes [3-7]. Carbon nanomaterials serve as
substrates for enzyme-based biosensors because the carbon functions as an electroactive
surface for detection [8]. In order to realize the promise of carbon nanomaterial sensing on a
routine basis, the protein-nanotube interface must be appropriate and universally applied to a
wide range of proteins in a cost-effective manner which maintains protein functionality.
Functionalization improves the dispersion of carbon nanotubes in aqueous solutions and
provides a chemical moiety to attach proteins that are harnessed for molecular recognition.
Proteins are typically covalently immobilized to carbon nanotubes with the goal of maintaining
protein functionality [9,10]. While sophisticated chemistries have been demonstrated with
different functional groups, carboxylation is the most prevalent form of carbon nanotube
functionalization because it is easily achieved with mineral acid treatment [11-14].

Physical adsorption to pristine or oxidized carbon nanotubes is an appealing alternative to
entrapment or covalent immobilization because it is simpler to implement and lower in cost.
Unfortunately, many proteins change conformation when adsorbed onto the nanotube surface
[15]. A decrease in activity of enzymes that were non-covalently adsorbed to single walled
carbon nanotubes was attributed to changes to the protein structure [16]. It has been
demonstrated that enzyme activity can be retained upon immobilization under certain
conditions. For example, weak π-π interactions supported the physical adsorption of laccase to
multi-walled carboxylated carbon nanotubes [17]. Immobilized enzyme preparations were
stable for 34 days, retaining 60% activity [17]. The activity was also maintained for noncovalently immobilized α-chymotrypsin when an appropriate degree of carboxylation was used
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to facilitate protein-carbon nanotube interaction [18]. To facilitate noncovalent immobilization
the chemistry, charge, and even curvature must be matched [19].

In order to realize the benefits of physical adsorption for biosensing, a more universal approach
must be developed such that unique binding interactions for a protein can be quickly elucidated
and the carbon nanotube surface tailored to support physical adsorption, but not loss of
structure and subsequently function. The forces necessary to drive protein capture at the
surface but not denaturation must be well characterized. Peptides with affinity for carbon
nanotubes, which were discovered through phage display [20], mass spectrometry [21], or
predicted based on adhesion [22], contain amino acids with hydrophobic side chains as well as
positively charged side chains. Both electrostatic and hydrophobic forces contribute to the
interaction between carboxylated carbon nanotubes and peptides.

Fundamental studies have focused on aromatic interactions and to a lesser extent electrostatic
interactions of protein-carbon nanotube surface interactions. Among several candidate
residues, tryptophan and arginine residues were identified as amino acids capable of
participating in adsorption on the surface of carbon nanotubes [20, 22-27]. Computational
modeling used to evaluate interactions indicated that arginine [23, 27] and tryptophan [28] gave
rise to the strongest binding, with energies of -45 and -49.6 kJ/mol, respectively [25].
Experimental characterization of arginine and tryptophan also demonstrated a strong binding
affinity for carbon nanotubes [22,29,30]. Aromatic amino acids [24], especially tryptophan [20],
were strongly bound to carbon nanotubes as a result of π-π interaction. The indole ring of the
tryptophan interacted with the carbon nanotube surface [28], as depicted in Figure 3-1A.
Arginine also contributed significantly to peptide carbon nanotube binding [23], forming a hybrid
hydrogen bond between the conjugated guanidinium system and the π-system on the carbon
nanotube [25]. Carboxylation on the carbon nanotube surface changed the binding interface
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and increased the electrostatic interactions between arginine and functionalized nanotubes
(Figure 3-1B). This was significant because the degree of carbon nanotube carboxylation,
which is a prevalent method of surface modification [14, 31-33], determined the number of
binding sites for arginine and influenced the peptide-carbon nanotube binding affinity.

Figure 3-1: Conceptual Diagram of Tryptophan and Arginine Interaction with
Carboxylated Carbon Nanotubes

Figure 3-1: Conceptual diagrams of the binding interaction between the carboxylic acid
functionalized carbon nanotube and (A) tryptophan and (B) arginine. Figure reproduced from [1]

It is reasonable to expect that a combination of electrostatic and hydrophobic interactions is
needed to satisfy the physical adsorption of a wide range of proteins. The combination of
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electrostatic and hydrophobic interactions should be tailored to the protein target. Furthermore,
the composition, sequence, and connectivity of amino acids must be evaluated using peptides
that model protein-nanotube interactions. Surface curvature [26, 34, 35] and the distribution of
functional groups such as carboxylic acids that contribute to electrostatic interactions [36,37]
intrinsically contribute to protein nanotube system. Given these factors, a guided approach
must be used to systematically evaluate peptide-carbon nanotube interactions in order to
generate binding that is strong enough to immobilize the protein, but weak enough to avoid
perturbing the 3-dimensional protein structure that supports protein function.

Analytical techniques used to shed light on the interactions that drive peptide-carbon nanotube
adsorption include atomic force microscopy [18, 22] and optical spectroscopy [21]. These
methods are qualitative or low throughput. Recently, a capillary electrophoresis method was
developed to quantify the degree of carboxylation of different multi-walled carbon nanotubes
with a model amidated peptide [38]. The significance of the prior report [38] was that the
method was a rapid and simple analytical strategy was developed to translate carboxylation of
carbon nanotubes into dissociation based mobility shifts. The method utilized an amidated
hexapeptide composed of a single arginine residue and 5 tryptophan residues [38]. This newly
validated method was straightforward to implement and offers advantages over traditional
affinity measurement techniques. The advantage of the capillary electrophoresis method is that
it can be applied to a library of model peptides to tease out information about how the amino
composition, proximity, and polymer length contributes to surface interactions. Information from
a linear peptide sequence can provide insight into how short runs in the primary protein
sequence may support surface interactions that sustain protein functionality. Such studies
provide insight into specific orientations of amino acids in the 3-dimensional space of a folded
protein that sustain favorable interactions with the carbon nanotube surface. Ultimately, the
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rapid screening technology achievable with capillary electrophoresis may be tailored to
particular proteins as well as specific batches of carbon nanotube preparations.

The affinity capillary electrophoresis method adapted to carbon nanotubes does not require preequilibration of the receptor and ligand in order to obtain a complex unlike traditional affinity
methods. Therefore, separation of the free receptor and complex states is not necessary for
quantification of affinity, instead equilibrium is accomplished in capillary. Figure 3-2 shows a
schematic of affinity capillary electrophoresis. Initially, the mobility of the free receptor (R) is
determined by injecting and monitoring the receptor migration through the capillary. The ligand
is then dispersed in the background electrolyte of the capillary and the mobility of the receptor is
determined. As the receptor migrates through the capillary it interacts with ligand to form a
complex that shifts the receptor mobility (RLmid). Additional runs are performed at different
ligand concentration. The mobility of the receptor changes with ligand concentration and is a
function of the percentage of receptor that is in the bound versus free state. For the peptidecarbon nanotube complex a maximum shift is obtained at the lowest mobility (RL), which is
achieved when all of the receptor is in the bound form. Each shift in mobility is used to quantify
the dissociation constant with the Hill equation:

𝛳=

µ𝑅𝐿𝑚𝑖𝑑 −µ𝑅
µR − µ𝑅𝐿

=

[𝐿]𝑛
[𝐿]𝑛 + 𝐾𝐷 𝑛

Where ϴ is the fraction of receptor bound at each concentration of ligand, L, in the capillary.
The fraction bound is quantified with the mobilities of the receptor in the unbound, µR, bound,
µRL, and at intermediate, µRLmid, states. The n, cooperativity value, indicates whether binding of a
ligand is influenced by the binding of other ligands; however, because several issues have been
raised about the relevance of this value [39], in the current investigation, no conclusions are
made based on these values of cooperativity.
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Figure 3-2: Schematic of Affinity Capillary Electrophoresis

Figure 3-2: The injection and migration of receptor is depicted in increasing concentrations of
ligand. The free and bound receptor have different mobility. The apparent mobility shifts when
the receptor interacts with ligand to form a complex. Figure reproduced from [1]

Affinity capillary electrophoresis is employed to analyze the binding interface of peptides with
functionalized multiwalled carbon nanotubes. The approach uses model peptides to evaluate
how changes in amino acid composition and peptide length drive peptide-carbon nanotube
interactions. The significance of arginine and tryptophan residues to binding is evaluated with
different peptide sequences. Capillary electrophoresis is used to assess a peptide library of
WR, WRW, WRWW, WRWWW, WWWWW, WWWW, WWW, WW, WRWWWW, WKWWWW,
WRWWRW, and YRYYYY in order to delineate the contributions of electrostatic and
hydrophobic interactions to the formation of the peptide-carbon nanotube complex. As
expected the combination of both electrostatic and hydrophobic interactions are important;
however, only a single cationic residue was necessary to drive the surface interaction. In order
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to demonstrate that the method can be used to screen peptide relevant peptide sequences in
specific proteins short regions in the primary sequence of lysozyme that contained a single
cationic amino acid and at least two aromatic residues were identified with Uniprot. A candidate
peptide (WMCLAKW) was selected from this sequence search and used to demonstrate the
potential of capillary electrophoresis and the potential to use it to rapidly screen peptide-carbon
nanotube interactions so that the properties of the nanotube, including functionalization, can be
tailored to support non-covalent protein adsorption.

3.1. MATERIAL AND METHODS

3.1.1. Chemicals and Reagents.

Precarboxylated carbon nanotubes (PD15L1-5-COOH) with outer diameter 15 ± 5 nm and length
1- 5 µm are from NanoLab Inc (Waltham, MA). The dipeptide WW and WR are from Anaspec
(Fredmont, CA). All other peptides are synthesized by GenScript (Piscataway, NJ). Methanol,
3-N-morpholinopropane-1-sulfonic acid (MOPS), sodium hydroxide and mesityl oxide are from
Sigma-Aldrich Corp. (St. Louis, MO). MOPS (25 mM) is prepared in deionized water obtained
from an Elga Purelab ultra water system (Lowell, MA) and the pH is adjusted to 7 using sodium
hydroxide.

3.1.2. Capillary Electrophoresis
Analyses are performed using a P/ACE MDQ (Sciex, Redwood City, CA) with a photodiode
array as previously reported.37 Briefly, a bare fused silica capillary (Polymicro Technologies,
Phoenix, AZ) with 25 μm inner diameter and 360 μm outer, with an effective length of 20.0 cm
and a total length of 30.2 cm is used. The capillary is flushed daily with 1 M NaOH for 30 min at
138 kPa (20 psi), deionized water for 15 min at 138 kPa (20 psi), methanol for 15 min at 138
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kPa (20 psi), and deionized water for 15 min at 138 kPa (20 psi) before analysis. Before each
electrophoretic analysis the capillary is flushed with 1 M NaOH for 2 min at 138 kPa (20 psi),
and deionized water for 1 min at 138 kPa (20 psi) to clean and prepare the capillary. The
capillary is then filled with background electrolyte (25 mM MOPS buffered to pH of 7) that also
contained carbon nanotubes diluted in at different concentrations ranging from 0 to 50 mg/L.
During separation, the anodic and cathodic reservoirs contain the same background electrolyte
that is loaded in the capillary. Serial injections of a 25 µM peptide sample diluted in 25 mM
MOPS and 220 µM of mesityl oxide diluted in 25 mM MOPS are performed at 10 kV for 5 sec
and 5 kV for 5 sec, respectively. For the analysis of capacity factor the peptides and mesityl
oxide are diluted in 25 mM MOPS buffer to a final concentration of 25 µM and 220 µM,
respectively. The peptides and mesityl oxide sample is injected at 10 kV for 5 sec. An applied
voltage of 10 kV (E = 333 V/cm at normal polarity) was used for all separations. Data collection
and analyses are performed on 32 Karat Software version 5.0 (Beckman Coulter). Nonlinear
regression of the binding curves is obtained with Graphpad Prism Version 4.0 (Graphpad
Software, San Diego, CA) curve-fitting software.

3.2. RESULTS AND DISCUSSION

3.2.1. Role of Amino Acid Composition in Physical Adsorption to Carboxylated Carbon
Nanotubes

Insight into the binding interaction between peptides and carbon nanotubes can be garnered by
evaluating the contributions of amino acid composition and sequence to binding affinity. In this
report, affinity capillary electrophoresis method is adapted to the WRWWWW peptide composed
of a terminal carboxylic acid rather than one that is amidated as was reported previously [38].
With the application to standard peptide termini, the capillary electrophoresis method is used to
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elucidate the intermolecular forces governing the interactions of polytryptophan peptides with
carboxylated carbon nanotubes. Figure 3-3 shows an affinity analysis of WRWWWW peptide
receptor with increasing concentrations of carbon nanotube ligand. As the concentration of the
carbon nanotube increases the peptide-carbon nanotube complex is formed and the peptide
mobility shifts. This shift in mobility at each concentration is converted to the fraction of peptide
bound to carbon nanotubes using the following equation.

𝛳=

𝐵𝑜𝑢𝑛𝑑 𝑃𝑒𝑝𝑡𝑖𝑑𝑒
𝑇𝑜𝑡𝑎𝑙 𝑃𝑒𝑝𝑡𝑖𝑑𝑒

=

[𝐶𝑁𝑇]𝑛
[𝐶𝑁𝑇]𝑛 + 𝐾𝐷 𝑛

A nonlinear binding curve (Figure 3-3) is formed by plotting the fraction of receptor that is bound
versus the concentration of carbon nanotubes. The concentration (mg/L) of carbon nanotube at
the point of half-saturation of this binding curve (i.e. 50 % fractional binding) is defined as the
dissociation constant. Strongly interacting peptide-carbon nanotube complexes have lower
dissociation constants. As reported previously,37 the dissociation constant is quantified using
the mass of the carbon nanotube ligand rather than molarity so that it is not necessary to
determine the average molecular weight of the carbon nanotube sample. The dissociation
constant of WRWWWW is 1.3 ± 0.2 mg/L (n = 3 KD’ experiments). Measuring the dissociation
constant of other peptides and carboxylated carbon nanotubes serves as a means to
quantitatively compare binding interactions. The WRWWWW peptide is the model peptide that
is modified in order to determine how amino acid residues affect the interaction with
carboxylated carbon nanotubes.
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Figure 3-3: Electropherograms and Resulting GraphPad Fitted for WRWWWW peptide
and NanoLab Precarboxylated Carbon Nanotubes
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Figure 3-3: Depiction of the measurement of dissociation constant using the WRWWWW peptide
and different amounts of carboxylated carbon nanotubes in the separation buffer. The
electropherograms (part A) obtained with hexapeptide (25 µM WRWWWW) revealed the
migration shift with carboxylated carbon nanotubes in separation buffer that ranged from 0 - 12.5
mg/L. Data are simultaneously collected at 214 nm and 254 nm. The traces labeled 0 mg/L - 1.5
mg/L are detected at 214 nm to better display the peptide migration. All other traces displayed in
the figure are obtained at 254 nm, which is the optimum detection wavelength for the mesityl oxide
neutral marker. Data are used to determine fractional binding, which is plotted and fit (part B) to
obtain the apparent dissociation constant for peptide and carboxylated multi-walled carbon
nanotubes. All separations are performed at 25 °C in a 25 µM inner diameter capillary with an
effective length of 20 cm and E = 333 V/cm (normal polarity). Each sample contains 220 µM of
mesityl oxide, denoted by the asterisk, which identifies the electroosmotic flow. Peptide migration
shifts are denoted with a diamond. Carbon nanotubes, purchased from NanoLab, are
approximately 5% carboxylated. Figure reproduced from [1]

3.2.2. Effect of Arginine on Binding Interaction

To understand how electrostatic interaction contributes to peptide-carbon nanotube binding, the
impact of an arginine versus lysine residue and the impact of two arginine residues on peptidecarbon nanotube binding is investigated. Both arginine and lysine will interact electrostatically
with negatively charged carboxylic acid ligands on the carbon nanotube surface. The specificity
of arginine over lysine to support electrostatic interactions with carbon nanotubes is evaluated
with capillary electrophoresis to compare the binding affinity of WKWWWW to WRWWWW.
Arginine, with a higher pKa than lysine, should have a stronger interaction. As summarized in
Table 3-1, the dissociation constant of the lysine containing peptide is 2-fold higher than the
arginine containing peptide. The effect of increasing the arginine composition is quantified by
replacing a tryptophan with a second arginine residue (WRWWRW). The WRWWRW peptide
yields a dissociation constant similar to model peptide WRWWW, 3.3 ± 0.2 mg/L and 4.0 ± 0.7
mg/L, respectively. The second arginine amino acid does not contribute to additional
electrostatic interaction. This may be due to the low concentration of carboxylic acid
functionalization on the carbon nanotube surface, which is reported to be 2 to 7% by the
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manufacturer and measured as 4.8% by XPS [38]. If carboxylic acids on the carbon nanotube
are distributed across the surface, then the additional arginine would interact with an uncharged
region of the carbon nanotube. Molecular simulations of arginine reported by others indicated
that the guanidinium group in arginine had the potential to interact with the carbon nanotube
backbone via a monopole - induced dipole interaction and with a similar binding energy as
tryptophan [25]. These findings reveal that cationic residues drive peptide adsorption on
carboxylated carbon nanotubes; however, the decreased interaction when two arginine residues
are present points to the importance of π-π interactions as well.

Table 3-1: KD Values of Peptides
Peptide

KD’ (mg/L)a

Single Amino Acid Substitution
WKWWWW
2.2 ± 0.3
WRWWRW
3.3 ± 0.2
Tryptophan Substitution
YRYYYY

9.2 ± 0.7

WR(W)n Peptide Library
WRWWWW
1.3 ± 0.2
WRWWW
4.0 ± 0.7
WRWW
5.1 ± 0.4
WRW
6.4 ± 0.1
a
data are the average of independent
dissociation constant measurements (n =
3) of peptides with carboxylated multiwalled carbon nanotubes
Table reproduced from [1]

3.2.3 Effect of Aromaticity on Peptide-Carboxylated Carbon Nanotube Binding
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The dissociation constant measurements are utilized to compare the affinity of aromatic amino
acids tryptophan and tyrosine. The indole ring of the tryptophan was previously estimated to
have a stronger interaction with the pristine carbon nanotube backbone than the aromatic ring of
tyrosine [28]. To determine the difference in affinity of tryptophan versus tyrosine, the capillary
electrophoresis method is used to quantify the affinity of carbon nanotubes for WRWWWW and
YRYYYY. The dissociation constant of YRYYYY is 7-fold higher than the WRWWWW peptide.
The lower affinity of the tyrosine peptide binding is attributed to the absence of the nitrogencontaining pyrrole group on the tyrosine amino acid. This is in agreement with a previous report
that estimated an increase in binding strength between the tryptophan and tyrosine amino acids
[26, 40]. While binding with tyrosine polypeptide still occurs, tryptophan is significantly greater.
This indicates the importance of tryptophan amino acids for the interaction of carbon nanotubes
with proteins and peptides.

3.2.4. Tryptophan Composition Contributes to WRWWWW Binding

The π-π interaction aromatic amino acids with the carbon nanotube backbone plays a key role
in solubility and surface functionalization for biosensors [21, 41, 42]. The number of
hydrophobic residues within the peptide chain should drive the binding interaction of peptides
with carboxylated carbon nanotubes. Capillary electrophoresis is used to study a library of
WR(W)n peptides to evaluate the change in dissociation constant with the number of aromatic
residues in the peptide. Table 3-1 summarizes the dissociation constant measurements for a
WR(W)n peptide series. A 5-fold increase in the dissociation constant from 1.3 ± 0.2 mg/L for
WRWWWW to 6.4 ± 0.1 mg/L for WRW is obtained. The binding strength of the complex
increases successively with length (see Table 3-1). This is attributed to π- π intermolecular
force governing peptide carbon nanotubes interaction, which increases with number of
hydrophobic residues and subsequently improves the binding stability. When the peptide is
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reduced to two amino acid residues, the dipeptides WR or WW produce only marginal mobility
shifts (Figure 3-4) indicative of weaker binding. The capillary electrophoresis method can not be
used to derive KD’ values for these dipeptides. As the number of tryptophan residues increases,
the solubility decreases (see Table 3-2). Binding studies of peptides in the WR(W)n series with
more than 5 tryptophan residues cannot be achieved with capillary electrophoresis because of
the poor aqueous solubility of the longer peptides. Analyses of polytryptophan-containing
peptides is necessary to distinguish the electrostatic contributions to binding of arginine from the
π-π-binding contribution associated with tryptophan.

Figure 3-4: Electrophoregrams of WW and WR peptide interaction with NanoLab
Precarboxylated Carbon Nanotubes
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Figure 3-4: The electropherograms obtained with a mixture composed of 25 µM WR and 25 µM
WW revealed reduction in peptide area and no migration shift with 0 mg/L and 10 mg/L
carboxylated carbon nanotubes in the separation buffer. Experimental conditions were as
described in Figure 3-3. Figure reproduced from [1]
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Table 3-2: Solubility Measurement
of WR(W)n peptide series
Solubility in
Water, mg/mLa
WRWWWW
> 0.1
WRWWW
5
WRWW
15
WRW
10
a
Measurements provided by peptide
manufacture Genscript, Piscataway,
NJ

Table reproduced from [1]

3.2.5 Evaluation of Weak π-π Binding with Capillary Electrophoresis

The increase in binding affinity may be attributed to length or additive effects of multiple
tryptophan residues interacting with the carbon nanotube backbone via weak π-π interactions.
A series of polytryptophan peptides is investigated to determine the binding affinity without the
presence of electrostatic interactions. However, the polytryptophan peptides display very weak
interactions with carboxylated carbon nanotubes and do not produce quantifiable mobility shifts
when carbon nanotubes are present in the background electrolyte. Although affinity capillary
electrophoresis cannot be used to determine binding strength with polytryptophan peptides, the
distribution of peptide bound to carbon nanotube or free in the background electrolyte solution is
measured as capacity factor as an alternative strategy to assess changes in binding
interactions. The higher the capacity factor the stronger the interaction of the carbon nanotube
with the peptide. Capacity factor, reported as the mole ratio of peptide bound to the carbon
nanotube or in free solution, is measured with three electrophoretic analyses. To quantify the
capacity factor, the mobility of the carbon nanotube and the mobility of peptide in the presence
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and absence of the carbon nanotube in background are used in equation A-13 in Appendix A
[43, 44].

Capacity factor data reveals that there is little interaction of the polytryptophan peptides with
carbon nanotubes (Table 3-3). The WWWWW peptide has double the mole ratio of bound peptide
compared to WW, WWW, and WWWW, which may be attributed to the lower solubility of the
pentapeptide. Higher binding ratios are anticipated for a polytryptophan hexapeptide; however,
the low aqueous solubility prevents the analysis of this peptide within the concentration range
achievable with UV-visible absorbance detection used with capillary electrophoresis. It is notable
that the number of tryptophans within the peptides effects the peak area. Lower peak areas are
observed with longer tryptophan polypeptides (see Table 3-4), which also reflects the change in
solubility with polytryptophan peptide length.

To demonstrate the utility of capacity factor

measurements, they are also applied to a series of WR(W)n peptides. As shown in Table 3-3, the
mole ratio of peptide bound to carbon nanotube increases with tryptophan content. These results
demonstrate that polytryptophan binding affinity is insignificant in the absence of arginine. These
studies of tryptophan and arginine reveal the importance of a combination of aromatic and
electrostatic interactions for binding peptides to functionalized carbon nanotubes. The WR(W) n
motif is an atypical sequence in proteins. The capillary electrophoresis method must also be
applied to amino acid sequences relevant to proteins found in nature and used in combination
with carbon nanotubes.
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Table 3-3: Capacity Factor Values
Peptide
WWWWW
WWWW
WWW
WW

Capacity Factor,a
0.09 ± 0.02
0.04 ± 0.01
0.04 ± 0.01
0.04 ± 0.02

WRWWWW
4.5 ± 0.1
WRWWW
4.2 ± 0.2
WRWW
3.1 ± 0.2
WRW
0.26 ± 0.05
WR
0.03 ± 0.01
a
data are the average of independent
capacity factor measurements (n = 3) of
peptides with carboxylated multi-walled
carbon nanotubes
Table reproduced from [1]

Table 3-4: Reduction of Polytryptophan Peak Area from
Carbon Nanotube Interactiona
Buffer

Carbon Nanotube

Peptide
Area
Area
% Decrease
WWWWW
2000 ± 100
500 ± 100
77
WWWW
1900 ± 30
1100 ± 60
42
WWW
1900 ± 100
1500 ± 60
21
WW
1800 ± 100
1560 ± 20
13
a
data averaged from triple capacity factor measurements (n =
3) of peptides with carboxylated multiwalled carbon nanotubes

Table reproduced from [1]

3.2.6. Evaluation of Peptide Fragments from Protein

The assessment of model peptides is expanded to protein fragments to understand how
proteins interact with carboxylated carbon nanotubes. Proteins that denature on the carbon
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nanotubes have lost secondary and tertiary structure upon interacting with the carbon nanotube
and therefore must contain regions within the primary sequence that promote surface
interaction. Lysozyme, a glycoside hydrolase enzyme, has reportedly shown strong interaction
with both carboxylated and pristine carbon nanotubes [45-48]. Lysozyme denatures on the
carbon nanotubes surface [49] and both tryptophan and cationic side chains play a role [48]. A
search of the amino acid sequence of lysozyme using Uniprot [50] can identify short stretches of
amino acids that possess a residue with a hydrophobic side chain as well as a residue with a
cationic side chain. Upon conducting this search of the lysozyme sequence, six regions are
isolated (see Table 3-5) that contain a combination of hydrophobic (tryptophan or tyrosine) and
cationic (arginine or lysine) residues within a region composed of 10 amino acids.

Table 3-5: Peptide Regions Selected from
Lysozyme Protein Primary Structurea
Peptide Sequencesb
YRGISLANW
WMCLAKW
YNTRATNY
YNAGDRSTDY
YGIFQINSRYW
a

Sequences contained a positive amino acid
with aromatic amino acids to the left and
right
b
Positive amino acids are bold, Aromatic
amino acids are underline

Table reproduced from [1]

One peptide residue, WMCLAKW, of those identified is noteworthy as it contains two tryptophan
residues and a lysine residue. This sequence was synthesized and evaluated with capillary
electrophoresis. Electropherograms (see Figure 3-5) obtained with this peptide produce
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sharper peak shapes than those obtained with WRWWWW. Dynamic light scattering
experiments were previously performed with the amidated hexapeptide WRWWWW [38] and
confirmed that upon introduction of the peptide a size change is observed. The formation of
agglomerates in the presence of a binding agent is dependent upon the binding interaction as
well as affinity and can contribute to differences in peak shape of the complex. Two other
reports describe capillary electrophoresis separations of carbon nanotubes that generated sharp
peaks when the nanomaterials were injected in the capillary rather than incorporated in the
separation buffer [51,52]. A dissociation constant of 6.9 ± 0.5 mg/L is obtained for the
WMCLAKW lysozyme fragment in this study. This dissociation constant is comparable to the
model peptide WRW (6.4 ± 0.1 mg/L), which also contains two tryptophan residues and one
positive amino acid. As a lower dissociation constant is obtained for WK(W)4 as compared to
WR(W)4, it may be that the presence of the lysine residue is responsible for lower binding
interactions. Alternatively, the results that are obtained with WMCLAKW may demonstrate that
position rather than composition is more important to binding. A lower binding affinity would
support physical adsorption without denaturation better than strong binding affinity. In addition,
the position of the amino acids that interact with the carbon nanotube surface may also be a key
factor to maintaining protein structure and function during physical adsorption to the carbon
nanotube surface.
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Figure 3-5: Electropherograms WMCLAKW peptide and NanoLab Precarboxylated
Carbon Nanotubes

CNT, mg/L

*

0.5 mAU at 214 nm

0.0

5.0

0.0

2.0

4.0
6.0
Time (mins)

8.0

10.0

CNT, mg/L
*

1.0 mAU at 254 nm

0.0
5.0




6.0


7.5

10.0



12.5
15.0

0.0

2.0

4.0
6.0
Time (mins)

8.0

10.0

Figure 3-5: Electropherograms for affinity capillary electrophoresis analysis of lysozyme peptide
fragment WMACLKW (25 µM) with carboxylated carbon nanotubes in separation buffer that
ranged from 0-15 mg/L. The traces at 214 nm depict analysis at 0 mg/L and 0.5 mg/L carbon
nanotubes. All other traces are obtained at 254 nm. Each sample contains 220 µM of mesityl
oxide, denoted by the asterisk, which identifies the electroosmotic flow. Peptide migration shifts
are denoted with a diamond. Carbon nanotubes, purchased from NanoLab, are approximately
5% carboxylated. Experimental conditions are as described in Figure 3-3. Figure reproduced
from [1]
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3.3. CONCLUSIONS AND FUTURE DIRECTIONS

The effect of amino acid composition is clarified using a unique capillary electrophoresis
method. Measurements of dissociation constant demonstrate that carboxylated carbon
nanotubes interacted strongly with the WR(W)n peptide series. Both the presence of an arginine
residue and the number of tryptophan residues in the peptide are important factors for the
formation of a peptide-carbon nanotube complex. Substitution of amino acids in WRWWWW
reveals improvement in binding of tryptophan in comparison to tyrosine. Lysine supports
electrostatic interaction, although arginine is more effective than lysine. Measurements also
demonstrate that when the peptide contains two arginine residues the binding does not improve,
indicating arginine does not interact strongly with the carbon nanotube backbone. In contrast,
the number of the aromatic tryptophan residues does contribute to binding stability and affinity,
but only if an arginine residue is present. A comparison of peptides containing either two or four
tryptophan residues confirms that the chain length does not affect binding affinity. However,
capacity factor analyses of polytryptophan peptides reveal weak π- π interaction. The results of
these experiments serve as an important step to understanding the interaction of individual
amino acids.

Affinity capillary electrophoresis is a simple method to analyze the interactions of peptide
fragments from proteins. The dissociation constant measurement of the lysozyme peptide
fragment demonstrates the capability of this method to identify regions that interact with
oxidized carbon nanotubes. Maintaining protein structure and function following physical
adsorption to the carbon nanotube surface is crucial to advance biosensor applications. Affinity
capillary electrophoresis can rapidly probe multiple sequences to determine local regions that
contribute strongly to adsorption. Capillary electrophoresis is an enabling tool to determine the
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appropriate level of carbon nanotube functionalization to support physical adsorption, but not
protein denaturation. While this paper focuses solely on the primary sequence of lysozyme,
future directions include analyses of whole proteins so that amino acids co-located at the protein
surface as a result of secondary and tertiary structure can also be assessed.
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Chapter 4:

Future Direction
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4.0 INTRODUCTION

Affinity capillary electrophoresis has demonstrated the ability to characterize both surface
carboxylation and surface interaction of multiwalled carbon nanotubes. This unique method
utilizes the affinity of a peptide probe to differentiate degree of carboxylation for characterization
prior to applications development. The method was then applied to systematically studying the
affinity of multiple peptides was used to elucidate the forces that governing functionalized
carbon nanotube and protein binding. This simple, rapid methodology uses minimal sample
volumes to determine minute differences in carbon nanotube carboxylation and interactions that
are not easily determine by other methods. This work, however, is in the beginning stages and
has the potential to be expanded in multiples ways. The following chapter discusses the future
directions of capillary electrophoresis based characterization surface modification and surface
interactions of nanomaterials.

4.1 CHARACTERIZATION OF SINGLE STRANDED DNA-CARBON NANOTUBE
INTERACTIONS

Chapter 3 discussed a systematic study of carboxylated carbon nanotube interaction with
multiple peptides to elucidate the contribution of amino acids arginine and tryptophan. The
study also looked at a lysozyme protein fragment to determine binding interaction of lysozyme
with carbon nanotubes. This study should be expanded to determine the binding interaction of
not only other specific amino acids and protein fragments with carbon nanotubes but other
biomolecules as well. Of particular interest is the study of single stranded DNA to generate
information about binding mechanisms that support carbon nanotube sorting [1–9]. A recent
study shows that recognition single-stranded DNA has the potential to be a superior dispersant,
capable of recognizing and differentiating single carbon nanotubes species and enantiomers
111

[2,10]. Unlike other DNA sequences, which bind indiscriminately, recognition DNA can be used
to specifically target carbon nanotubes species for sorting from bulk samples [1,3,4]. However,
little is known about the secondary structures that form these unique DNA-carbon nanotube
hybrids and enable selective separation of different species of single walled carbon nanotube
from a heterogenous mixture. Thoughtful characterization of recognition ssDNA interaction will
shed light on fundamental differences required for developing future DNA-based separations of
single walled carbon nanotubes. For analysis with affinity capillary electrophoresis, the peptide
analyte is replaced with the single stranded DNA of interest and migration shift is monitored.
Changes in affinity based on DNA or carbon nanotube chirality can quickly and easily be
assessed. The outcomes of this research will thus advance our knowledge of DNA-SWCNT
selective hybridization, improve our measurement capabilities for such nanoparticle-biomolecule
hybrids, and inform knowledge-based development of sorting and separating nanostructures.

4.2 OTHER AREAS OF INTEREST

4.2.1 Characterization of Other Surface Modifications and Nanomaterials

Carbon nanotubes can be functionalized in a multibed of difference ways [11–14]. As discussed
in Chapter 1 and 2, oxidation is the most common functionalization method and is often used as
an initial step in other surface modifications; however, characterization of other covalent bonded
functional groups is necessary for future application development as well. The affinity method
can be adopted to look at other functional groups by modifying the amino acids within the
peptide chain or replacing amino acids with molecules that form rapid interactions with the
functional group of interest. For example, amine functionalization has been used to control
carbon nanotube dispersion in nanocomposites [15]. In affinity capillary electrophoresis,
characterization of these carbon nanotubes the arginine amino acid in the peptide should be
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replace with a peptide containing negative charged aspartic acid and glutamic acid. Again, the
rapid electrostatic interaction of the functional group on the carbon nanotube with the probe can
be used to differentiate degree of functionalization. Additionally, the characterization potential of
affinity capillary electrophoresis should be expanded to other carbon nanomaterials like carbon
fibers, graphene and graphene oxide as well as functionalized metal nanoparticles. For each
new material, affinity capillary electrophoresis will need to be adjusted. Potential adjustments
include the use of fluorescence detection to improve detection of analytes that do not cause
light scattering or suffer significant band broadening with interactions.

4.2.2. Other Affinity Based Capillary Electrophoresis Methods

While ACE is a powerful tool for characterization of carbon nanotubes, other affinity based
capillary electrophoresis methods should be explored. Nonequilibrium capillary electrophoresis
of equilibrium mixture (NECEEM) can potentially measure the affinity of the carbon nanotubes
for biomolecules in a single run, further cutting down on material usage and time. NECEEM
generates the dissociation constant (Kd) as well as rate constants (kon and koff) in a single run
[16–18]. Analyte and carbon nanotube are preincubated before injection into the capillary. The
complex is not allowed to reach equilibrium prior to injection and produces an exponential decay
from complex to free analyte. The area of the complex, analyte, and exponential decay are then
used to quantify the dissociation constant. This unique method can be applied to analyze
multiple carbon nanotube and analyte combines rapidly and efficiently. A potential pitfall of
NECEEM measurements is that it requires fluorescence detection to monitor the free and bound
analyte only. Fluorescence quenching caused by the carbon nanotubes [19–21] may require the
addition of fluorescence linkers onto the analyte to prevent quenching.
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APPENDIX A: Equations
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T.A. Davis, S. Patberg, A. Stefaniak, L. Sargent, L.A. Holland, Capillary Electrophoresis
Analysis of Affinity to Assess Carboxylation of Multi-Walled, Anal. Chimica Acta (2018)
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Reproduced from [2]
T.A. Davis, L.A. Holland, Peptide probe for multiwalled carbon nanotubes:
electrophoretic assessment of the binding interface and evaluation of surface
functionalization., ACS Appl Mater Interfaces. (2018). 10 (2018) 11311–11318.
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A.1.0: EQUATIONS

A.1.1: Derivation for the Hill Equation from Chemical Equation

The chemical equation for interaction of WRWWWW peptide with carboxylated multiwalled
carbon nanotube assumes a single peptide binds via π-π stacking to the carbon nanotube
backbone or via electrostatic interaction with the carboxyl acid functional group on the carbon
nanotube:

𝑃 + 𝑛𝐶 → 𝑃𝐶

equation A-1

Where P is the peptide, C is the carbon nanotube and PC is the complex
The dissociation constant for the peptide-carbon nanotube interaction is equal to the product of
the concentration of reactants at equilibrium over the concentration of peptide-carbon nanotube
complex at equilibrium:

𝐾𝑑 =

[𝐶]𝑛 [𝑃]

equation A-2

[𝑃𝐶]

During peptide and carbon nanotube interaction the concentration of peptide that is bound is
monitored. Therefore, the fraction of peptide bound to carbon nanotube is summarized as:

𝛳=

𝐵𝑜𝑢𝑛𝑑 𝑃
𝑇𝑜𝑡𝑎𝑙 𝑃

=

[𝑃𝐶]
[𝑃𝐶]+[𝑃]

equation A-3

Where ϴ is the fraction of bound peptide over the total concentration of peptide.
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The dissociation constant equation can be rearranged to equal complex:

[𝑃𝐶] =

[𝐶]𝑛 [𝑃]
𝐾𝑑

equation A-4

and equation A4 can be substituted into the equation for fraction of peptide bound, equation A3:

𝛳=

[𝐶]𝑛 [𝑃]
𝐾𝑑
[𝐶]𝑛 [𝑃]
𝐾𝑑

+[𝑃]

equation A-5

Simplified:

𝛳=

[𝐶]𝑛
[𝐶]𝑛 + 𝐾𝑑

equation A-6

Kd is the apparent dissociation for all binding sites. To determine the binding of a single site,
micro dissociation, KD or K0.5 = [L] at which half of the receptors are bound, and is equivalent to
the nth root of the dissociation constant Kd [3,4].

Substitute Kd with micro dissociation KDn:

𝛳=

[𝐶]𝑛
[𝐶]𝑛 + 𝐾𝐷 𝑛

equation A-7

A.1.2: Derive Binding Fraction for Affinity Capillary Electrophoresis
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Affinity capillary electrophoresis utilizes shift in mobility of the peptide to quantify the fraction
bound, ϴ. The peptide mobility will shift from a free or unbound state (peptide mobility in the
absence of carbon nanotube in the background electrolyte, μfree) to complexed or fully bound
state (peptide mobility with maximum concentration of MWCNT in background electrolyte, μMax).
Peptide mobility that is partially bound to carbon nanotubes is observed as shifts in between the
free and bound states, μmid. This peptide mobility is a fraction of the peptides mobility in the
unbound and bound states.

μmid = 𝑓1 ∗ μmax + 𝑓2 ∗ μfree

equation A-8

Where f1 is the bound and f2 is the fraction of peptide that is unbound. The sum of f1 and f2 is 1
and can be rearranged to equal:

𝑓2 = 1 − 𝑓1

equation A-9

Equation A-9 A when substituted into equation 8 results in:

μmid = 𝑓1 ∗ μMax + (1 − 𝑓1 ) ∗ μfree

equation A-10

Equation A-10 can be rearranged several times to get the fraction of peptide bound [5,6]:

𝑓1 = Fraction Bound Peptide, ϴ =

[µBound − µfree ]
[µ𝑚𝑎𝑥 − µfree ]

equation A-11

Equation A-11 is substituted into equation A-7, Hill equation:
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[µBound − µfree ]
[µmax − µfree ]

=

[CNT]n
KD n+[CNT]n

equation A-12

A.1.3: Calculating KD from the Increase in Migration Time (i.e. Shift)

The determination of the dissociation constant (KD) is accomplished in three steps. First, at
each concentration of carbon nanotubes in the background electrolyte (i.e. 0 to 20 mg/L), the
migration time for the peptide and the mesityl oxide neutral marker are collected at 214 nm and
254 nm, respectively. The migration time of the peptide reflects the apparent mobility (µ app),
while the migration time of the marker is used to calculate the electroosmotic flow (µEOF).
Second, the electrophoretic mobility of the peptide in the free, partially bound, or bound state is
calculated by subtracting the electroosmotic flow mobility from the apparent mobility. The
electrophoretic mobility of the peptide in the absence of carbon nanotube (µfree) is the starting
position of the migration shift. The electrophoretic mobility of the peptide when fully bound to
carbon nanotubes (µmax) is the maximum migration shift of the peptide. The electrophoretic
mobility of the peptide when partially bound to carbon nanotubes (µmid) is observed for migration
shifts between the free and bound states of the peptide. Third, the fraction bound is then
calculated by dividing the difference of the µmid and µfree by the difference of µMax and µfree. This
represents the fraction of the peptide bound in between the free and complete complexed state.
Therefore, at each carbon nanotube concentration used a fraction is determine using the µfree
and µmax. The following example shows how the fraction of peptide bound to carbon nanotube
was determine at 1.5 mg/L carbon nanotube in the background electrolyte.
1. Calculation of apparent mobility and electroosmotic flow for 0, 1.5 and 20 mg/L is shown
in the following example:
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At 0 mg/L the migration time of the peptide is 127.50 secs and neutral marker 156.00
secs

𝜇𝑎𝑝𝑝_0 (

𝑐𝑚2
𝐿𝑒𝑛𝑔𝑡ℎ 𝐶𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 (𝑐𝑚) ∗ 𝐿𝑒𝑛𝑔𝑡ℎ 𝑡𝑜 𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟(𝑐𝑚)
)=
𝑉 𝑠𝑒𝑐𝑠
𝑉𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉) ∗ 𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 (𝑠)
=

30.00 ± 0.03 𝑐𝑚 ∗ 20.00 ± 0.03 𝑐𝑚
= 𝟎. 𝟎𝟎𝟎𝟒𝟕𝟏 ± 𝟎. 𝟎𝟎𝟎𝟎𝟎𝟓
10000 ± 100 𝑉 ∗ 127.50 ± 0.25 𝑠

𝑐𝑚2
𝐿𝑒𝑛𝑔𝑡ℎ 𝐶𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 (𝑐𝑚) ∗ 𝐿𝑒𝑛𝑔𝑡ℎ 𝑡𝑜 𝐷𝑒𝑡𝑒𝑐𝑡𝑜𝑟(𝑐𝑚)
𝜇𝐸𝑂𝐹 (
)=
𝑉 𝑠𝑒𝑐𝑠
𝑉𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉) ∗ 𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 (𝑠)
=

30.00 ± 0.03 𝑐𝑚 ∗ 20.00 ± 0.03 𝑐𝑚
= 𝟎. 𝟎𝟎𝟎𝟑𝟖𝟓 ± 𝟎. 𝟎𝟎𝟎𝟎𝟎𝟒
10000 ± 100 𝑉 ∗ 156.00 ± 0.25 𝑠

At 1.5 mg/L the migration time of the peptide is 321.48 secs and neutral marker 160.02 secs
𝜇𝑎𝑝𝑝_1.5 (

𝜇𝐸𝑂𝐹 (

𝑐𝑚2
30.00 ± 0.03 𝑐𝑚 ∗ 20.00 ± 0.03 𝑐𝑚
= 𝟎. 𝟎𝟎𝟎𝟏𝟖𝟕 ± 𝟎. 𝟎𝟎𝟎𝟎𝟎𝟐
)=
𝑉 𝑠𝑒𝑐𝑠
10000 ± 100 𝑉 ∗ 321.48 ± 0.25 𝑠

𝑐𝑚2
30.00 ± 0.03 𝑐𝑚 ∗ 20.00 ± 0.03 𝑐𝑚
= 𝟎. 𝟎𝟎𝟎𝟑𝟕𝟓 ± 𝟎. 𝟎𝟎𝟎𝟎𝟎𝟒
)=
𝑉 𝑠𝑒𝑐𝑠
10000 ± 100 𝑉 ∗ 160.02 ± 0.25 𝑠

At 20 mg/L the migration time of the peptide is 565.74 secs and neutral marker 152.76 secs
𝜇𝑎𝑝𝑝_20 (

𝜇𝐸𝑂𝐹 (

𝑐𝑚2
30.00 ± 0.03 𝑐𝑚 ∗ 20.00 ± 0.03 𝑐𝑚
= 𝟎. 𝟎𝟎𝟎𝟏𝟎𝟔 ± 𝟎. 𝟎𝟎𝟎𝟎𝟎𝟏
)=
𝑉 𝑠𝑒𝑐𝑠
10000 ± 100 𝑉 ∗ 565.74 ± 0.25 𝑠

𝑐𝑚2
30.00 ± 0.03 𝑐𝑚 ∗ 20.00 ± 0.03 𝑐𝑚
= 𝟎. 𝟎𝟎𝟎𝟑𝟗𝟑 ± 𝟎. 𝟎𝟎𝟎𝟎𝟎𝟒
)=
𝑉 𝑠𝑒𝑐𝑠
10000 ± 100 𝑉 ∗ 152.76 ± 0.25 𝑠

^Initial error is instrumental and propagated within the calculation.
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2. Calculation of electrophoretic mobility peptide in 0 (µfree), 1.5 mg/L (µmid), 20 mg/L (µmax)
carbon nanotubes background electrolyte. The electrophoretic mobility is the difference
of the apparent mobility of the peptide and the μEOF determined at each concentration
and detailed above.
𝜇𝑓𝑟𝑒𝑒 = 𝜇𝑎𝑝𝑝_0 − 𝜇𝐸𝑂𝐹 = 0.000471 ± 0.000005 − 0.000385 ± 0.000004
= 𝟎. 𝟎𝟎𝟎𝟎𝟖𝟔 ± 𝟎. 𝟎𝟎𝟎𝟎𝟔

𝜇𝑚𝑖𝑑 = 𝜇𝑎𝑝𝑝_1.5 − 𝜇𝐸𝑂𝐹 = 0.000187 ± 0.000002 − 0.000375 ± 0.000004
= −𝟎. 𝟎𝟎𝟎𝟏𝟖𝟖 ± 𝟎. 𝟎𝟎𝟎𝟎𝟒

𝜇𝑚𝑎𝑥 = 𝜇𝑎𝑝𝑝_20 − 𝜇𝐸𝑂𝐹 = 0.000106 ± 0.000002 − 0.000393 ± 0.000004
= −𝟎. 𝟎𝟎𝟎𝟐𝟖𝟕 ± 𝟎. 𝟎𝟎𝟎𝟎𝟒

^Error is propagated for this calculation.
3. Calculation of fraction bound in 1.5 mg/L carbon nanotubes in background electrolyte,
where μfree is the electrophoretic mobility of the peptide with no carbon nanotube in the
background electrolyte and μmax (maximum bound) is the electrophoretic mobility of
peptide when the peptide is fully bound to carbon nanotubes. The bound fraction for 0
mg/L is equal to 0 as no binding has occurred and is 1 when at maximum binding at 20
mg/L.

𝜇𝑚𝑖𝑑 − 𝜇𝑓𝑟𝑒𝑒
−0.000188 ± 0.000004 − 0.000086 ± 0.000006
=
= 𝟎. 𝟕𝟒 ± 𝟎. 𝟎𝟑 (𝟑. 𝟓%)
𝜇𝑚𝑎𝑥 − 𝜇𝑓𝑟𝑒𝑒
−0.000287 ± 0.000004 − 0.000086 ± 0.000006
^Error is propagated for this calculation. Reproduced from [1]
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Table A-1: Sample Calculation of Fractional Binding of each point in a single curve
[CNT]
mg/L

Peptide
tm (s)

µapp ± SD
(cm2/Vs)
x106

Mesityl
Oxide
tm (s)

µEOF ± SD µEPH ± SD
(cm2/Vs) (cm2/Vs)
x106
x106

0

127.50

471 ± 5

156.00

385 ± 4

86 ± 6

0.5

138.78

432 ± 4

158.28

379 ± 4

53 ± 6

1

202.98

296 ± 3

158.76

378 ± 4

82 ± 5

1.5

321.48

187 ± 2

160.02

375 ± 4

2.5

358.50

167 ± 2

155.76

5

433.98

138 ± 1

156.00

10

452.76

133 ± 1

20

565.74

106 ± 1

Numerator
± SD
(cm2/Vs) x106

Denominator
± SD
(cm2/Vs) x106

Fraction
± SD (%RSD)

0±9

-373 ± 8

0 ± 0 (N/A)

-54 ± 6

-373 ± 8

0.09 ±0.02(22%)

-82 ± 5

-373 ± 8

0.45 ± 0.02 (4%)

188 ± 4

-274 ± 8

-373 ± 8

0.74 ± 0.03 (4%)

385 ± 4

218 ± 4

-304 ± 4

-373 ± 8

0.82 ± 0.03 (4%)

385 ± 4

246 ± 4

-332 ± 4

-373 ± 8

0.89 ± 0.03 (3%)

157.74

380 ± 4

248 ± 4

-334 ± 4

-373 ± 8

0.90 ± 0.03 (3%)

152.76

393 ± 4

287 ± 4

-373 ± 4

-373 ± 8

1.0 ± 0.03 (3%)

Table reproduced from [1].

A.1.4: Capacity Factor

The equation for capacity factor, k’, is as follows:

𝑘′ =

𝑚𝑜𝑙𝑒 𝑝𝑒𝑝𝑡𝑖𝑑𝑒 𝑏𝑜𝑢𝑛𝑑 𝑡𝑜 𝐶𝑁𝑇
𝑚𝑜𝑙𝑒 𝑝𝑒𝑝𝑡𝑖𝑑𝑒 𝑖𝑛 𝑏𝑢𝑓𝑓𝑒𝑟

=

𝑡𝑝𝑒𝑝 (1+ 𝑢𝑟 )+ 𝑡𝐸𝑂𝐹
𝑡𝑒𝑜𝑓 ( 1+

𝑡𝑝𝑒𝑝
)
𝑡𝐶𝑁𝑇

equation A-13

where tCNT is the migration time of the carbon nanotubes in the separation buffer (For analysis of
carbon nanotube mobility, the carbon nanotubes are diluted in 25 mM MOPS buffer to final
concentration of either 100 or 200 mg/L. The carbon nanotube sample is injected at 6.9 kPa (1
psi) for 5 sec following an injection of 30 µM mesityl oxide at 10 kV for 5 sec), tpep and tEOF are
the migration times of the peptide and electroosmotic flow migration marker (mesityl oxide) in
the presence of carbon nanotube in the separation buffer, and ur is the relative mobility of the
peptide in the absence of carbon nanotubes [7,8].
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𝑢𝑟 =

µ𝐸𝑃𝐻

equation A-14

µ𝐸𝑂𝐹

For this equation, the µEPH is the electrophoretic mobility of the peptide calculated by subtracting
the mobility of the electroosmotic flow migration marker, µEOF, from the apparent mobility of the
peptide, µapp. These equations are listed below:

μ𝐸𝑂𝐹 =

𝐿𝑒𝑛𝑔𝑡ℎ 𝐶𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 (𝑐𝑚)∗𝐿𝑒𝑛𝑔𝑡ℎ 𝑡𝑜 𝐷𝑒𝑐𝑡𝑒𝑐𝑡𝑜𝑟 (𝑐𝑚)
𝑉𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉)∗𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑛𝑒𝑢𝑡𝑟𝑎𝑙 𝑚𝑎𝑟𝑘𝑒𝑟 (𝑠)

μ𝑎𝑝𝑝 =

𝐿𝑒𝑛𝑔𝑡ℎ 𝐶𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 (𝑐𝑚)∗𝐿𝑒𝑛𝑔𝑡ℎ 𝑡𝑜 𝐷𝑒𝑐𝑡𝑒𝑐𝑡𝑜𝑟 (𝑐𝑚)
𝑉𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉)∗𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑝𝑒𝑝𝑡𝑖𝑑𝑒 (𝑠)

μ𝐸𝑃𝐻 = μ𝑎𝑝𝑝 − μ𝐸𝑂𝐹

=

=

𝑐𝑚2
𝑉−𝑠

𝑐𝑚2
𝑉−𝑠

equation A-15

equation A-16

equation A-17
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APPENDIX B: Supporting Figures and Tables

Reproduced from [1]
Davis, T.A., Patberg, S.M., Sargent, L., Stefaniak, A., Holland, L.A., Affinity Capillary
Electrophoresis to Assess Carboxylation of Multi-Walled Carbon Nanotubes. Anal. Chim.
Acta, accepted
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B.1.0: Supporting Figures and Tables:
Figure B-1: Plot of Increase in Peptide-Carbon Nanotube Complex Size with Time
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Figure B-1: A plot of the size of peptide-carbon nanotubes complex measured with dynamic
light scattering at a ratio of peptide:carbon nanotube of 28.5:20 mg/L. Error bars are associated
with standard deviation from the peak distribution. Measurements were done with NanoLab
precarboxyled carbon nanotubes (15 ± 5nm OD, 1 - 5 µm length) and 25 µM WRWWWW.
Figure reproduced from [1]
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Figure B-2: Sedimentation of Peptide-Carbon Nanotube Complex

A

B

Figure B-2: A picture of peptide-carbon nanotubes complex sedimentation after 30 minutes. The
vial A contains 20 mg/L of carbon nanotubes and vial B contains both 25 µM WRWWWW and
20 mg/L of carbon nanotubes (i.e. at a peptide:carbon nanotube ratio of 28.5:20 mg/L).
Measurements were done with NanoLab precarboxylated carbon nanotubes (15± 5nm OD, 1 - 5
µm length). Figure reproduced from [1]
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Figure B-3: Control Runs Demonstrating Complex Formation Due to Interaction

0.1 mAU at 214 nm, 0 mg/L [CNT]

1 mAU at 254 nm
A
B
C
D

1.0

3.0

5.0
Time (min)

7.0

Figure B-3: Depicts the control electropherograms for capillary electrophoresis analyses
demonstrating that the complex formation is only observed in the presence of WRWWWW
peptide. Trace A is of 25 μM WRWWWW and 220 μM mesityl oxide in 0 mg/L carbon
nanotubes in background electrolyte. Trace B is 220 μM mesityl oxide in 0 mg/L carbon
nanotubes in background electrolyte. Trace C is of 25 μM WRWWWW and 220 μM mesityl
oxide in 2.5 mg/L carbon nanotubes in background electrolyte. Trace D is of 220 μM mesityl
oxide in 2.5 mg/L carbon nanotubes in background electrolyte. Figure reproduced from [1].
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Table B-1: Effects of Acid Treatment
Temperature on Dissociation Constant
Dissociation Constant
(mg/L)
Acid
Treatment
(hours)
1
3

20 - 25 ºC

0 ºC

3.8 ± 0.1
1.3 ± 0.1

11 ± 3
3.7 ± 0.6

Table reproduced from [1]
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Table B-2: Dissociation Constant Obtained within a Single Preparation of Carbon
Nanotubes (n = 3 curves)
Hill Equation
Curve

KD

n value

One Site Binding
R2

(mg/L)

KD

R2

(mg/L)

Curve 1

1.4 ± 0.3

1.6 ± 0.6

0.9834

1.3 ± 0.6

0.9477

Curve 2

1.2 ± 0.2

3.0 ± 2.0

0.9807

1.1 ± 0.9

0.8838

Curve 3

1.1 ± 0.2

2.0 ± 1.0

0.9762

1.0 ± 0.7

0.9061

Average

1.2 ± 0.2 (22%) 2.0 ± 1.0

1.1 ± 0.7

The cooperativity values (n) for the curves were all greater than two, demonstrating a positive
cooperatively between the first and second ligand. A positive cooperativity means that the
binding of first ligand improves the likelihood of the second ligand binding. When the data is
refit maintaining an n value of 1 (i.e. one site binding) the dissociation constant, KD remains the
same. However, the R-squared of curve is reduced indicating the importance of n cooperativity
to the curve fitting.
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Table B-3: Dissociation Constant and n values
Manufacturer

KD

n value

NL15-1

1.2 ± 0.2

2.0 ± 1.0

NL15-2

0.9 ± 0.2

1.9 ± 0.8

NL15-3

1.1 ± 0.2

1.6 ± 0.8

US15

3.9 ± 0.9

2.1 ± 0.8

Acid Treatment (hrs)

KD

n value

3.0

1.3 ± 0.4

2.0 ± 1.0

2.0

2.6 ± 0.5

1.9 ± 0.5

1.0

3.8 ± 0.4

2.4 ± 0.5

0.75

4.6 ± 0.5

3.0 ± 0.8

0.5

8.3 ± 0.8

4.0 ± 1.0
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Figure B-4: Deconvoluted Peak Fitting for Carbon Region for Acid Treated Carbon
Nanotubes in X-ray Photoelectron Spectroscopy

(A)

(B)

(C)

(D)

(E)

(F)

Figure B-4: Deconvolution and peak fitting for X-ray Photoelectron Spectroscopy analysis of
carbon 1s region for acid treated NanoLab pristine multi-walled carbon nanotubes (A) no
treatment, (B) 0.5 hour, (C) 0.75 hour, (D) 1 hour, (E) 2 hours and (F) 3 hours. Figure
reproduced from [1].
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